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ABSTRACT 

Joint replacement surgery is a common procedure that intends to restore patients´ 

mobility and improve their quality of life. However, the durability of these implants 

is constrained by various factors, including friction, wear, lubrication failure, and material 

degradation at the articulating surfaces. These challenges are especially important in small 

joints, where lubricant supply is restricted, sliding velocities are low, and contact operates 

primarily in boundary or mixed lubrication. Despite Ti6Al4V's well-established status 

as a biomaterial with excellent biocompatibility and strong potential for additive 

manufacturing, its tribological behaviour under these conditions remains insufficiently 

understood. The present dissertation aims to address this knowledge gap by investigating 

the tribological performance of Ti6Al4V in small joint implant conditions, with particular 

emphasis on additively manufactured surfaces and their interaction with synovial fluid. 

The dissertation is based on four interconnected studies. The research began 

with a comparison of conventionally manufactured Ti6Al4V and CoCr30Mo6 under model 

small joint conditions. This was followed by an examination of the effects of surface 

texturing and electrochemical polishing on lubrication formation. Subsequently, 

the additively manufactured Ti6Al4V with controlled surface structures produced during 

printing was evaluated. Furthermore, long-term wear experiments involving microstructural 

analysis were conducted. The methodology comprised a combination of friction 

measurements, colourimetric interferometry, fluorescence microscopy, and surface analysis. 

The findings indicated that conventionally manufactured Ti6Al4V is not optimally 

suited for direct articulation under the tested conditions. While the material was capable 

of forming a lubricant film, its surface characteristics prevented effective separation 

of the surfaces, leading to increased wear. Nevertheless, applied surface texturing improved 

the tribological response of Ti6Al4V by promoting its lubrication behaviour. Among 

the additively manufactured designs, the grid-structured surface provided the best balance 

of lubricant retention, lubrication film formation, lubrication recovery, and wear resistance. 

The dissertation demonstrates that the tribological performance of Ti6Al4V is dependent 

on the manufacturing route, surface morphology, and near-surface structural state. 

The findings demonstrate that additive manufacturing can transform Ti6Al4V 

into a functionally optimised surface with more stable lubrication and improved wear 

behaviour. This work provides mechanistic insight into synovial lubrication and supports 

the preclinical development of additively manufactured small joint implants. 

KEYWORDS 

Ti6Al4V Alloy; Additive Manufacturing; Small Joint Implant Tribology; Synovial Fluid 

Lubrication; Surface Texturing 



                                                                                 

 

ABSTRAKT 

Kloubní náhrady představují zavedené řešení pro obnovu mobility pacientů a zlepšení 

kvality jejich života. Jejich dlouhodobá funkčnost je však stále limitována řadou faktorů, 

zejména třením, opotřebením, poruchami mazání a degradací materiálu na artikulačních 

površích. Tyto problémy jsou obzvlášť významné u implantátů malých kloubů, kde je přísun 

maziva omezený, kluzné rychlosti nízké a kontakt probíhá převážně v režimu mezného 

nebo smíšeného mazání. Přestože je slitina Ti6Al4V etablovaným biomateriálem s výbornou 

biokompatibilitou a významným potenciálem pro aditivní výrobu, její tribologické chování 

v těchto podmínkách dosud nebylo dostatečně objasněno. Předkládaná disertační práce 

se proto zaměřuje na studium tribologického chování slitiny Ti6Al4V v kontaktech 

implantátů malých kloubů, se zvláštním důrazem na povrchy připravené aditivní výrobou 

a jejich interakci se synoviální tekutinou. 

Disertační práce vychází ze čtyř vzájemně propojených studií. Výzkum byl zahájen 

porovnáním konvenčně vyráběných materiálů Ti6Al4V a CoCr30Mo6 v modelových 

podmínkách malých kloubů. Následně byl hodnocen vliv texturování povrchu 

a elektrochemického leštění na tvorbu mazacího filmu. V další části byla zkoumána slitina 

Ti6Al4V připravená aditivní výrobou s řízenými povrchovými strukturami vznikajícími 

přímo během tisku. Součástí práce byly rovněž dlouhodobé experimenty opotřebení 

doplněné o mikrostrukturní analýzu. Experimentální metodika zahrnovala měření tření, 

kolorimetrickou interferometrii, fluorescenční mikroskopii a analýzu povrchu. 

Výsledky ukázaly, že konvenčně vyráběná slitina Ti6Al4V není za testovaných 

podmínek optimálně vhodná pro přímou artikulaci. Přestože byla schopna vytvořit mazací 

film, charakter jejího povrchu neumožnil dostatečné oddělení kontaktních ploch, což vedlo 

ke zvýšenému opotřebení. Tribologická odezva Ti6Al4V se však významně zlepšila 

po úpravě povrchu texturováním, které podpořilo příznivější mazací režim. Z hodnocených 

povrchů připravených aditivní výrobou vykázala nejlepší kombinaci retence maziva, tvorby 

mazacího filmu, obnovy mazání a odolnosti proti opotřebení mřížková struktura. 

Disertační práce prokazuje, že tribologická výkonnost slitiny Ti6Al4V je zásadně 

ovlivněna způsobem výroby, morfologií povrchu a stavem podpovrchové struktury. Získané 

poznatky ukazují, že aditivní výroba může transformovat Ti6Al4V na funkčně 

optimalizovaný povrch s vyšší stabilitou mazání a lepší odolností vůči opotřebení. Práce 

tak přináší hlubší mechanistické porozumění synoviálnímu mazání a současně poskytuje 

podklad pro preklinický vývoj implantátů malých kloubů vyráběných aditivní technologií.  

KLÍČOVÁ SLOVA 

Slitina Ti6Al4V; Aditivní výroba; Tribologie implantátů malých kloubů; Mazání 

synoviální kapalinou; Povrchové texturování 
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The development of artificial joint replacement surgery represents a major milestone 

in modern medicine, with major consequences for patients' quality of life worldwide. 

However, with the increasing number of implantations and the extended lifespan 

of the population, there is a growing need to better understand the long-term performance 

of these implants within the human body. 

A thorough examination of data from multiple sources consistently indicates 

an escalating trend in the volume of joint replacement procedures. Recent estimates indicate 

that more than 2 million joint replacement procedures are performed worldwide annually [1]. 

Demand is anticipated to increase substantially over the coming decades, driven by two key 

factors. Firstly, the population is ageing, and secondly, levels of physical activity are rising. 

Projections indicate that the number of hip and knee replacements may increase by almost 

40% by 2060 if current demographic trends persist [1]. This trend is clearly evident 

in the data from the 22nd Annual Report (see Fig. 1-1), which was obtained by the National 

Joint Registry [2]. The registry is responsible for collecting data from hospitals across 

England, Wales, Northern Ireland, the Isle of Man, and Guernsey. The data differs 

from the trend solely in 2020 and 2021, which were nevertheless years significantly affected 

by the global pandemic of the novel Coronavirus (SARS-CoV-2). 

 

Fig. 1-1 Number of primary operations performed for the hip joint according 

to the National Joint Registry (Based on data from [2]). 

From the patient's perspective, joint replacement has been shown to markedly improve 

quality of life by restoring mobility, reducing chronic pain, and enabling the return 

to independent living or employment [3]. The aforementioned benefits result in reduced 

indirect costs, including long-term disability support, lost productivity, and social care 

expenses [4]. Evidence has demonstrated that patients who regain mobility often experience 

improved mental health, greater social participation, and enhanced general well-being. 

Collectively, these factors help to reduce societal dependence and higher quality-adjusted 

life years (QALYs) [5]. 
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However, the extensive utilisation of joint replacements also results in considerable 

direct healthcare expenditures. Surgical procedures, implant materials, hospitalisation, 

and postoperative rehabilitation all represent considerable financial burdens for healthcare 

providers [6]. Despite the significant initial financial investment, a substantial body 

of research has demonstrated that total joint arthroplasty is a cost-effective intervention 

over time [7]. The intervention has been demonstrated to reduce the requirement for chronic 

pain management, pharmacotherapy, and care for secondary conditions associated 

with immobility, including cardiovascular and metabolic complications. Furthermore, 

reductions in hospital readmissions and caregiver dependency have been shown to yield 

additional financial savings for the healthcare system [8,9]. 

At the social level, joint replacements have been demonstrated to support economic 

productivity via enabling older adults and individuals with disabilities to remain active 

in the workforce or community [10]. The aforementioned factors have been demonstrated 

to engender positive macroeconomic effects, including a reduction in the dependency ratio 

and alleviation of the fiscal strain associated with an ageing population. Investments 

in implant development, biomaterials, and surgical innovation also stimulate research 

and industrial growth, strengthening the link between medical technology and economic 

advancement [11]. 

As the socioeconomic relevance of joint replacement continues to grow, ensuring 

its long-term functional stability becomes not only a medical but also a financial necessity. 

Despite the remarkable clinical success of joint replacement surgery, numerous challenges 

remain that prevent these systems from achieving truly lifelong performance. The service 

life and reliability of artificial joints are determined mainly by the intricate interplay among 

mechanical, chemical, and biological factors that act at the articulating surfaces. Moreover, 

as younger, more physically active patients increasingly use modern implants, the procedural 

demands placed on them are increasing significantly [12,13]. The original intent 

of the technology, which was primarily designed to restore mobility in elderly individuals 

with low activity levels, has now evolved to necessitate resistance to extended cyclic loading, 

elevated contact stresses, and increasingly complicated motion cycles. This shift poses 

additional challenges to the design and selection of materials, which must not only maintain 

superior mechanical strength and wear resistance but also secure long-term biocompatibility 

and corrosion stability in a chemically active physiological environment. 

To address these issues, it is essential to engage in continuous research and innovation. 

Substantial progress within materials science, manufacturing technologies, and surface 

engineering has already led to considerable improvements in implant design 

and performance. The introduction of highly cross-linked polymers, ceramic composites, 

and advanced titanium alloys has enhanced both wear resistance and biocompatibility. 

Concurrently, contemporary additive manufacturing techniques enable the fabrication 

of more complex geometries and customised designs that were previously unattainable.  
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Nevertheless, despite these advances, the tribological and corrosion behaviour 

of implant materials under physiological conditions is an essential factor limiting 

their long-term reliability. The presence of wear particles and corrosion products has been 

shown to initiate biological reactions, inducing inflammation, osteolysis, and subsequent 

implant loosening. These phenomena have been shown to adversely affect implant service 

life and clinical outcomes.  

Consequently, a thorough investigation of the tribological properties of implant 

materials, encompassing both wear and tribocorrosion mechanisms, is imperative 

for advancing the next generation of artificial joints. Such studies not only deepen 

our understanding of the fundamental processes at the implant/tissue interface but also 

provide a basis for optimising surface treatments, lubrication regimes, and material pairings 

to guarantee long-term stability, safety, and economic efficiency in clinical applications. 

 

Fig. 1-2 From clinical and socioeconomic context to tribological mechanisms: 

factors shaping artificial joint performance. 
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The concept of artificial joint replacement has a long and fascinating history that reflects 

the progress of both materials science and medical technology. The earliest documented 

attempts to restore mobility in damaged joints date back to the late 19th century, 

when Themistocles Glück [14] implanted ivory prostheses to replace hip joints. Despite 

being limited by the absence of suitable biomaterials and aseptic surgical techniques, 

these revolutionary experiments established the basis for the concept that mechanical 

components could potentially substitute for biological articulation. The development 

of modern arthroplasty was significantly advanced by the pioneering work of Sir John 

Charnley in the early 1960s, who introduced the concept of low-friction total hip 

replacement [15]. The design, incorporating a metallic femoral head that articulates 

with an ultra-high-molecular-weight polyethylene (UHMWPE) cup fixed with acrylic bone 

cement, established the basis for contemporary joint replacement technology and was widely 

adopted during the subsequent decade [16]. 

   

Fig. 2-1 Illustrations of joint replacement suggested by Glück (left) [14];  

Charnley´s low-friction arthroplasty (right) [15]. 

Following Charnley's innovation, the field of joint replacement technology has 

undergone rapid evolution. Progress in surgical methodologies, implant geometry, 

and biomaterials [17] has markedly increased the longevity and performance of artificial 

joints. Initially, the concept was applied exclusively to hip and knee replacements. However, 

it has since been expanded to include other joints, such as the shoulder, elbow, ankle, 

and even smaller hand and foot articulations. The worldwide success of arthroplasty 

procedures has resulted in a continuous increase in implantations [2], driven by two factors. 

Firstly, the ageing population, and secondly, younger, more active patients seeking 

long-term mobility and pain relief. Total joint replacement is regarded as one of the most 

successful surgical procedures in medicine, with studies proving its effectiveness in restoring 

function and quality of life for millions of individuals each year. 

Over several decades, research has progressively focused on understanding the complex 

interactions among mechanical loading, material wear, corrosion, and biological responses. 
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The development of new metallic alloys, ceramics, and polymeric materials is driven 

by the objective of enhancing biocompatibility and reducing wear complications, such 

as particle-induced osteolysis. Concurrently, surface engineering, coating technologies 

and advanced manufacturing techniques, including additive manufacturing, have 

engendered new possibilities for optimising implant design and customising surface 

properties to the physiological environment. 

To present a comprehensive overview of current knowledge, the following sections 

(see Fig. 2-2) address the essential factors that influence the performance, reliability, 

and long-term success of artificial joint replacements. 

 

Fig. 2-2 Structure and thematic framework of the literature review. 

As described in Section 2.1, the medical background and contextual framework 

are introduced, which are necessary for understanding the clinical and functional reasons 

for joint replacement. Section 2.2 discusses the fundamental design principles 

and categorises the main types of joint replacements currently in use, while Section 2.3 

examines the materials employed in artificial joints and their specific functional roles within 

the articulating system. Section 2.4 explores advances in additive manufacturing and other 

contemporary fabrication techniques that facilitate greater customisation, enhanced 

mechanical integrity, and patient-specific optimisation of implant structures. The subsequent 

Section 2.5 examines surface engineering methodologies, including coatings and texturing 

strategies, designed to enhance both mechanical performance and biocompatibility. Section 

2.6 provides an analysis of the tribological behaviour of biomaterials under physiological 

conditions, with particular attention to the complex interplay among friction, wear, 

and lubrication mechanisms. Section 2.7 provides a comprehensive survey of current 

knowledge regarding small joint implants. Despite their growing clinical relevance, 

these implants have received less extensive study compared to large joint replacements. 

Finally, Section 2.8 presents an analysis and synthesis of the reviewed literature, drawing 

key conclusions and identifying knowledge gaps that guide further research directions. 
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2.1 Introduction to the Issue, Medical Background 

The human body is composed of numerous joints, which enable the performance 

of activities of daily living. Human joints are complex biomechanical structures 

that facilitate the transmission of loads, enable movement, and reduce friction between 

articulating surfaces. The structural integrity and lubrication mechanisms of these joints 

are important for maintaining pain-free mobility throughout life.  

The human joints are susceptible to the development of the most common disease, 

known as osteoarthritis (OA), which is a degenerative joint disease that develops due 

to a number of possible causes, but is mainly associated with ageing, long-term mechanical 

loading, and genetic predispositions that lead to progressive alterations in the structure 

and composition of articular cartilage and subchondral bone [18]. Over time, the balance 

between cartilage synthesis and degradation is disrupted, leading to gradual cartilage 

thinning, increased joint friction, and the formation of osteophytes [19]. The disease most 

frequently affects weight-bearing joints, such as the knee (gonarthrosis) and hip 

(coxarthrosis), but it can also occur in the small joints of the hand and foot, the elbow, 

the spine, and, less commonly, the shoulder or ankle. A schematic overview of joints 

affected by osteoarthritis is depicted in Fig. 2-3. 

 

Fig. 2-3 Typical osteoarthritis locations in the human body (modified from [20]). 

The progression of osteoarthritis is typically classified into five grades based 

on the Kellgren-Lawrence classification [21]. In the medical field, grade 0 indicates 

a healthy joint, free of signs of osteoarthritis. The presence of minimal cartilage wear, 

accompanied by minor osteophyte formation and an absence of joint space narrowing, 

is indicative of Grade 1. The presence of mild cartilage degradation, early subchondral 
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sclerosis, and joint space narrowing is indicative of Grade 2. In the case of Grade 3, 

there is evidence of moderate to severe cartilage loss, evident narrowing of the joint space, 

and more pronounced osteophytes. These symptoms are often accompanied by pain 

and stiffness. The fourth grade, the most advanced stage, is characterised by considerable 

cartilage destruction, bone remodelling, the presence of large osteophytes, and pronounced 

loss of joint function. In such cases, the need for surgical intervention, specifically joint 

replacement, is often identified. Furthermore, joints are also affected by other diseases, 

some of which are specific to certain joints, such as post-traumatic arthritis, avascular 

necrosis (AVN), rheumatoid arthritis (RA), and gout.  

Osteoarthritis and other degenerative joint diseases are among the foremost causes 

of disability on a global scale. According to epidemiological data from the World Health 

Organisation (WHO) [22], osteoarthritis, a prevalent form of arthritis, affects more than 

500 million people worldwide, with the hip and knee joints being the most commonly 

affected, driven by population ageing, obesity, and increased life expectancy. Although 

conservative interventions, including physiotherapy, pharmacotherapy for pain 

management, and intra-articular injections, have been shown to relieve symptoms in early 

stages of the condition, they frequently fail to restore function in advanced cases. 

Consequently, joint replacement surgery is regarded as the definitive solution for restoring 

mobility and alleviating pain. The evolution of joint replacement surgery has shifted 

the paradigm in the management of end-stage joint diseases, enabling the restoration 

of mobility and independence for millions of patients. The joints most frequently replaced 

are the hip, knee, and shoulder, followed by the ankle, elbow, and the smaller joints 

of the hand and foot. 

2.2 Design Concepts and Types of Joint Replacements 

The design of artificial joint replacements has advanced considerably over the past 

decades, driven by the growing demand for durable, functional implants that restore mobility 

and reduce pain in patients with joint diseases or trauma [23]. The success of a joint 

replacement depends on the ability to reproduce the natural kinematics of the replaced joint, 

withstand physiological loading conditions, and maintain long-term stability within 

the biological environment. Therefore, implant design combines principles of biomechanics, 

materials science, and surface engineering to achieve a balance between mechanical 

strength, wear resistance, and biocompatibility. 

In general, joint replacements can be classified according to their design concept 

and mechanical constraint, with a focus on describing this in the context of a knee 

replacement [17]. Constrained designs restrict motion to ensure maximum joint stability 

and are typically used in cases of severe bone loss or ligament deficiency [24]. 

Semi-constrained systems allow partial freedom of movement while sustaining stability 

through the geometry of the components or supporting soft tissues [25]. Unconstrained 
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designs [26] provide the highest degree of mobility, closely resembling the kinematics 

of the natural joint and relying primarily on surrounding ligaments and muscles 

for stabilisation. The selection of the most appropriate design is contingent on patient-related 

factors, including, but not limited to, bone quality, age, and activity level. 

Joint replacements also differ by the extent of reconstruction. Total joint replacements 

involve the substitution of both articulating components, thereby providing an entirely new 

bearing surface and load transfer mechanism. Conversely, partial or hemiarthroplasties 

involve the replacement of only one side of the articulating pair and are typically indicated 

when the opposite surface is intact. Surface replacements are considered a more conservative 

approach, as they preserve the majority of the patient's bone stock by resurfacing only 

the damaged articular surface. It is necessary to recognise these differentiations when 

assessing implant longevity, load distribution, and joint function preservation. 

The geometrical configuration and component morphology of joint replacements 

are customised to replicate the anatomical and functional characteristics of the natural joint. 

For instance, spherical or hemispherical components are utilised in hip implants to replicate 

the ball-and-socket motion. Concurrently, more sophisticated geometries are necessitated 

for knee or shoulder joints, owing to their combined rolling and sliding kinematics. Modern 

design approaches use computational modelling and biomechanical simulations to optimise 

joint congruency, contact stress distribution, and the overall range of motion. 

The following types of joint replacements may be encountered: metal-on-polymer 

(MoP), ceramic-on-ceramic (CoC), metal-on-metal (MoM), ceramic-on-polymer (CoP), 

ceramic-on-metal (CoM), and polymer-on-polymer (PoP). However, in contemporary 

practice, only three of these combinations are predominantly utilised: MoP, CoC, and CoP. 

2.3 Materials and Their Functional Roles 

The selection of materials for joint implants primarily depends on the implant design, 

which can be categorised into various configurations, including MoP, CoC, MoM, CoP, 

CoM, and PoP. According to this classification, implant materials can be broadly categorised 

into three main groups: metallic, polymeric, and ceramic. The metallic components of joint 

replacements are most commonly manufactured from cobalt-chromium, titanium, 

or stainless-steel alloys [27,28]. Among polymeric materials, UHMWPE remains 

the standard choice [29], although highly cross-linked polyethylene (HXLPE) [30] 

and polyether-ether-ketone (PEEK) [31] have gained increasing attention in recent years. 

In ceramics, alumina (Al₂O₃) and zirconia (ZrO₂) are the most widely used materials [32].  

Each material group has a distinct functional role within the implant system. Metallic 

alloys form the structural core of most implants, providing mechanical strength, fatigue 

resistance, and load-bearing capability. Polymers such as UHMWPE act as articulating 

counterfaces, offering low friction and high wear resistance under lubricated conditions. 
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Ceramics, with their chemical inertness and extreme hardness, are primarily used 

in articulating pairs or coatings, where minimal wear and superior biocompatibility 

are required. In addition, fixation materials such as bone cements or bioactive coatings 

contribute to mechanical stability and promote osseointegration at the bone/implant 

interface. 

Among metallic materials, cobalt-chromium alloys remain extensively used due to their 

excellent wear and corrosion resistance. However, titanium and its alloys have acquired 

prominence owing to their lower elastic modulus and superior biocompatibility. 

The Ti6Al4V alloy, with a modulus of approximately 110 GPa, exhibits the closest 

mechanical compatibility with cortical bone among metallic biomaterials. Nevertheless, 

the remaining modulus mismatch can still induce stress shielding [33], which may lead 

to bone resorption (osteolysis) and subsequent implant loosening due to insufficient 

bone-implant integration. The mechanism of stress shielding occurrence is depicted 

in Fig. 2-4. In the native bone (point 1), a load F1 causes a displacement ΔX1. After adding 

a metal implant, both materials must deform equally. Because the implant has a higher elastic 

modulus, its displacement under the same load is smaller (ΔX2, point 2). The bone 

is therefore forced to match this reduced displacement (point 3), which lowers the load 

it actually carries to F2. According to Wolff’s law, this decreased loading leads to bone 

resorption and may eventually cause implant loosening. Moreover, the presence of vanadium 

and aluminium in Ti6Al4V has raised concerns related to potential toxicity [33] 

and long-term biological safety.  

 

Fig. 2-4 The stress shielding effect (left), and the cell viability of pure metals (right) [33]. 

To address these issues, alternative titanium alloys [34–38], such as Ti–Nb–Zr–Ta–Si,  

Ti–15Zr–4Nb–4Ta, Ti–Nb–Zr–Ta–Si–Fe, Ti–24Nb–4Zr–8Sn, and Ti–Nb–Ga are being 

explored to improve osseointegration while reducing stress shielding and adverse 

biological effects. Nevertheless, when the wear values for β-Ti-Nb alloys are compared 

with those of Ti6Al4V, rather large differences can be observed (see Fig. 2-5), which Alberta 

et al. [34] assigned to differences in their microhardness, also, for these particulat materials, 
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it is clearly visible that Ti6Al4V ELI wear scars are somewhat separate grooves, 

while for other materials the wear scars are quite homogenous. 

 

Fig. 2-5 Total volume loss (left), and wear scars (right) of different Ti-based alloys [34]. 

Beyond chemical composition, the microstructure of metallic alloys plays a decisive role 

in their mechanical and biological performance [39,40]. Control of the α/β-phase ratio, grain 

size, and crystallographic texture can tailor yield strength, fatigue behaviour, and corrosion 

resistance [41]. Surface oxide layers, especially the stable TiO₂ film on titanium alloys, 

provide natural passivation and enhance biocompatibility by supporting protein adsorption 

and cell adhesion [42]. Similarly, in ceramics, phase transformation toughening in zirconia 

or grain refinement in alumina can markedly improve fracture resistance 

and longevity [43,44]. For polymers, the degree of crosslinking and oxidation resistance 

determines the balance between wear durability and mechanical integrity, as demonstrated 

by the development of HXLPE [45]. 

Metallic biomaterials are also prone to corrosion and tribocorrosion in the physiological 

environment, where mechanical loading and electrochemical reactions interact [46,47]. 

The release of metal ions such as Co²⁺, Cr³⁺, or Ni²⁺ can cause inflammatory responses 

and contribute to periprosthetic osteolysis [48]. Therefore, corrosion-resistant alloy design 

and surface refinements, such as anodisation, nitriding, or coating with bioinert or bioactive 

films, are progressively employed to reduce these effects [49]. 

Porous, lattice-structured Ti6Al4V produced by Selective Laser Melting allows tailoring 

of stiffness for bone integration. Controlled porosity significantly affects mechanical 

behaviour and enhances in vivo osseointegration, as demonstrated in a rat femoral 

implantation study lasting up to 16 weeks [50]. Nevertheless, systematic animal studies 

verify that additively manufactured implants require surface treatments (acid etching, 

anodization, hydroxyapatite, UV activation, TiO₂ nanotubes, polydopamine, etc.) to improve 

osseointegration and avoid detachment of partially fused particles [51]. 

Recent advances in additive manufacturing have further broadened the possibilities 

for adjusting material microstructure and porosity. Titanium implants with controlled lattice 

architectures can closely mimic the stiffness of cancellous bone, improving load transfer 
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and enhancing osseointegration. At the same time, surface engineering and coating 

technologies, discussed in Section 2.5, provide additional opportunities to optimise 

frictional, chemical, and biological properties of the implant surface. 

2.4 Additive Manufacturing and Advanced  

Fabrication Techniques 

Additive manufacturing (AM) has appeared as a new method of production through 

multiple industries, offering new approaches to the production of individual components. 

This trend is also making its way into the domain of orthopaedic implants, where it offers 

multiple advantages, the most important of which are the ability to create patient-specific 

implants, simplification of construction [52], and reduced production costs. The most 

common additive manufacturing methods used in joint implants [53] are Selective Laser 

Melting (SLM), Selective Laser Sintering (SLS), Laser Direct Metal Deposition (LDMD), 

and Selective Electron Beam Melting (SEBM).  

Additive manufacturing techniques differ in their energy sources, process atmospheres, 

and achievable precision. For instance, SLM and SEBM both enable the fabrication of dense 

metallic components. However, under different process conditions, SLM operates in an inert 

gas atmosphere with a laser source, while SEBM employs an electron beam under 

vacuum [54]. The choice of process directly influences the resulting microstructure, 

porosity, and residual stress levels in the component [55]. LDMD, in contrast, allows 

localised material addition or repair of existing parts, opening the possibility of multimaterial 

or functionally graded implants [56]. Each method, therefore, provides distinctive benefits 

but also poses challenges related to surface roughness, dimensional accuracy, 

and microstructural anisotropy. 

 

Fig. 2-6 Average CoF vs specific wear rate of EB-PBF, CM and L-PBF Ti6Al4V [56]. 
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All of these methods present the creation of implants with optimised shapes, including 

lightweight, porous, or lattice designs. These parameters play a key role in the manufacturing 

process, aiming to achieve optimal mechanical properties and enhance biological response 

during osseointegration (bone ingrowth). When we move beyond the scope of this use, 

we will encounter the possibilities for the entire implant or the frictional surfaces. In these 

cases, 3D printing enables the creation of custom-made implants for specific patients 

or complex shapes that would not be possible with conventional methods. Moreover, 

if it were possible to overcome the worse tribological behaviour as opposed to conventional 

surfaces, we could simplify the design of the entire implant, for example, by reducing 

the number of parts used.  

The microstructure of additively manufactured metals is typically characterised by rapid 

solidification and directional grain growth. In Ti6Al4V, additive manufacturing often yields 

fine acicular martensitic α′ phase, which increases hardness but may also reduce ductility 

[57]. Compared with wrought Ti6Al4V, which typically shows a lamellar α+β structure 

[58,59], AM variants often possess finer microstructural features, columnar prior-β grains, 

and higher defect density [59,60].  

 

Fig. 2-7 Structural homogeneity of a) wrought and b) LPBF Ti6Al4V specimens [58]. 

Increasing laser power or slowing scan speed improves densification and hardness, 

but may also produce “depressions” and “highlands” due to melt-pool overlap [61]. 

Processing parameters such as line energy density, hatch spacing, and scan orientation 

strongly determine porosity, roughness, grain morphology, and mechanical anisotropy 

[62,63]. At the same time, localised remelting between layers can introduce heterogeneity 

and internal defects, such as lack-of-fusion zones or gas pores [56]. These microstructural 

features have a direct impact on the mechanical, corrosion, and tribological behaviour 

of printed alloys [64]. To improve mechanical integrity and surface quality, several 

postprocessing techniques are employed. Hot Isostatic Pressing (HIP) effectively reduces 

porosity and homogenises the microstructure, improving fatigue strength and corrosion 

resistance [64]. Thermal annealing transforms the metastable α′ phase into a stable α + β 

structure, optimising hardness and wear resistance [54]. Moreover, surface finishing 

operations, such as polishing, microblasting, or electrochemical polishing, are critical 
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for achieving the required tribological performance [56]. In recent studies, additional surface 

modification techniques, such as plasma nitriding, anodic oxidation, and diamond-like 

carbon (DLC) coatings, have been used to further enhance the wear and corrosion resistance 

of 3D printed Ti6Al4V alloys [65]. 

Bartolomeu et al. [66] and Goyal et al. [67] reported that the materials manufactured this 

way showed reduced wear compared to conventionally prepared samples. Fischer et al. [68] 

stated that, compared to conventionally manufactured Ti6Al4V, SLM-produced Ti6Al4V 

exhibits distinct electrochemical behaviour owing to its specific oxide layer 

and microstructure, which affect its corrosion resistance and protein adsorption. Similarly, 

Patel et al. [69] found that the CoCr30Mo6 alloy is more prone to degradation under 

combined mechanical and oxidative conditions, whereas Ti6Al4V shows greater durability, 

making it a more suitable material for load-bearing orthopaedic implants. Mechanically, 

AM Ti6Al4V often achieves higher hardness (20–40%), higher yield strength, and a unique 

combination of strength and ductility. LPBF Ti6Al4V showed ~32% higher hardness 

but slightly lower ductility than the wrought alloy [58]. Other studies revealed 

that AM martensitic microstructures can even fail at ~40% elongation, far above the ~6% 

typical of quenched wrought martensitic Ti6Al4V [59]. Build orientation significantly 

affects tensile properties and fracture modes [60,70]. Heat treatments (ageing, annealing, 

stress-relief) convert α′ martensite to α+β, precipitate Ti₃Al clusters, or reduce residual 

stresses, each altering friction, ductility, and corrosion response [71]. 

 

Fig. 2-8 Percentual contents of α and β phases (left), Vickers hardness (middle), Specific 

wear rate (right) for different methods of Ti6Al4V production [66]. 

Even with these advances, difficulties persist in obtaining consistent surface finish, 

reproducible mechanical behaviour, and predictable tribological response. Future research 

is expected to focus on in situ process monitoring, optimisation of printing parameters 

for surface integrity, and the development of hybrid additive–subtractive systems. 

These approaches could enable patient-specific implant geometries and functional surface 

architectures with customised frictional and corrosion properties suitable for long-term 

biomedical applications. 
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2.5 Surface Engineering, Coatings, and Texturing 

Titanium alloys, most notably Ti6Al4V, are among the most widely utilised metallic 

biomaterials, owing to their superior strength-to-weight ratio, excellent corrosion resistance, 

and proven biocompatibility. However, under physiological conditions, their tribological 

performance is often inadequate, necessitating surface modification to improve frictional 

and wear behaviour [72]. In the context of contemporary implant design, surface engineering 

of metallic biomaterials, most notably titanium alloys, has consequently become imperative. 

In this case, the bulk material provides the mechanical strength and biocompatibility 

essential for load-carrying applications. Conversely, the surface exerts a key influence 

on the fundamental interactions with the biological environment, including friction, 

wear, corrosion, and protein adsorption [73]. 

 

Fig. 2-9 Relationship between ultimate strength and elastic modulus (left) and between 

ultimate tensile strength and qualitative corrosion resistance (right)  

for titanium alloys commonly used in the biomedical field [73]. 

The primary strategies for surface modification encompass physical and chemical 

vapour deposition (PVD/CVD), ion implantation, thermal oxidation, and anodic oxidation, 

which are commonly enhanced by pre-treatments such as plasma nitriding or sand-blasting 

to improve adhesion and microstructure [74]. These methods aim to enhance hardness, 

reduce friction, and mitigate mechanical and electrochemical degradation while maintaining 

biocompatibility. Among the most widely studied surface refinements for titanium alloys 

are nitride-based coatings such as titanium nitride (TiN), which have been shown 

to markedly enhance wear resistance and reduce metallic ion release when applied 

to Ti6Al4V substrates. Recent research demonstrated that TiN coatings improved wear 

performance in a bovine serum environment and significantly reduced ion leaching 

from the underlying alloy [75]. Earlier studies also confirmed that TiN-coated implants 

exhibited favourable biocompatibility and low friction coefficients under lubricated 

conditions; however, challenges such as delamination, internal stress accumulation, 
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and increased UHMWPE counterface wear have been reported, underscoring the importance 

of coating quality, adhesion control, and process standardisation [76]. In addition 

to the utilisation of deposited coatings, substrate pre-treatments and surface chemistry 

modifications have been identified as pivotal factors in determining the ultimate tribological 

and biological performance of titanium alloys. Plasma nitriding, for instance, produces 

a bilayer structure composed of TiN and Ti2N phases with an underlying α-Ti(N) diffusion 

zone, resulting in enhanced hardness, improved fatigue resistance, and superior corrosion 

protection under physiological conditions [77]. More advanced techniques, such as plasma 

ion implantation, have been shown to refine the near-surface nanostructure, further 

increase wettability, and promote beneficial protein adsorption, all without affecting 

biocompatibility [78]. Furthermore, laser-based surface modification has emerged 

as an effective and controllable approach for improving the surface properties of titanium. 

Processes such as laser texturing, laser hardening, and laser nitriding can precisely tailor 

surface topographies, refine grain structures, and induce beneficial compressive residual 

stresses. These microstructural changes have been shown to enhance the substrate's 

resistance to fatigue and wear, thereby promoting enhanced coating adhesion and overall 

tribological stability under simulated body-fluid conditions [79]. 

Diamond-like carbon coatings have attracted notable attention as multifunctional surface 

treatments for titanium alloys in biomedical applications. Their unique amorphous structure, 

composed of both sp²- and sp³-hybridised carbon bonds, provides a combination of high 

hardness, low friction, chemical inertness, and biocompatibility. Typical hardness values 

range from 15 to 25 GPa, while the coefficient of friction can reach as low as 0.05 under 

lubricated conditions [80]. The smooth, chemically stable surface of DLC limits 

tribochemical reactions and inhibits corrosion-assisted wear of metallic substrates, which 

is notably favourable for load-bearing implants operating under mixed lubrication 

conditions. Recent studies have demonstrated that DLC coatings on Ti6Al4V can markedly 

reduce both friction and wear when tested in physiological lubricants such as simulated 

synovial fluid or artificial saliva. Madej et al. [81] reported that plasma-assisted chemical 

vapour deposition (PACVD) DLC films on Ti6Al4V exhibited a substantial improvement 

in tribocorrosion resistance, with a lower corrosion current density and a higher open-circuit 

potential compared to the uncoated alloy. Similarly, Jędrzejczak et al. [82] found 

that Si-doped DLC coatings maintained low friction and wear rates in protein-rich 

environments, confirming their chemical and mechanical stability under simulated 

body-fluid conditions. These findings correspond with those of Li et al. [83], who showed 

that DLC coatings effectively suppress metallic ion release and mitigate surface oxidation 

during tribological contact. Despite their excellent performance, DLC coatings face lasting 

challenges in biomedical use. High internal stresses, typically generated during energetic 

deposition techniques or magnetron sputtering, can induce microcracking or delamination, 

particularly on metallic substrates with differing thermal expansion coefficients. Poor 

adhesion between DLC and Ti6Al4V has been widely recognised as a major limitation [80]. 
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To address this, interlayers are often introduced to create a graded interface and improve 

adhesion strength, as demonstrated by Joska et al. [84], who achieved significantly improved 

coating durability using Ti and Cr buffer layers. Furthermore, recent advances have focused 

on doped and composite DLC films, such as Ti-DLC, Si-DLC, and Ag-DLC, which enhance 

adhesion, reduce residual stresses, and bring additional functionalities, such as antibacterial 

activity or improved hemocompatibility [85]. 

 

Fig. 2-10 Longitudinal wear profile of titanium nitrided at different speeds(left) [79], CoF 

of silicon-incorporated DLC (right) [82]. 

Beyond coatings, surface treatments that modify surface chemistry and microstructure 

are just as important. Among these, surface texturing has been established as a highly 

effective approach to improve the functional performance of titanium alloys used 

in biomedical implants. By introducing well-defined micro- and nano-scale features, surface 

texturing can directly influence friction, wear, lubrication, and biological interactions 

occurring at the interface between implant and surrounding tissues. Unlike coatings, 

which alter surface chemistry, texturing modifies the topography itself, thereby controlling 

how the surface interacts with both lubricants and biological fluids during articulation. 

Experimental research on Ti6Al4V has demonstrated that micro-textured surfaces, 

especially those containing dimples or grooves, can act as micro-reservoirs for lubricants 

under mixed or boundary lubrication regimes, markedly reducing contact pressure 

and friction. Lin et al. [86] showed that micro-dimp patterns on Ti6Al4V surfaces facilitated 

lubricant entrainment and reduced wear by up to 30% compared with polished samples under 

simulated joint conditions. Similar findings were reported by Woźniak et al. [87], who found 

that laser-textured Ti6Al4V ELI alloys exhibited lower friction coefficients and improved 

wear resistance in reciprocating motion tests under physiological lubrication.  

Laser-based technologies have become especially suitable for producing precise 

and reproducible textures on complex implant geometries. Femtosecond and picosecond 

laser texturing enable the creation of periodic micro- and nano-structures, often referred 

to as laser-induced periodic surface structures (LIPSS), that can improve both tribological 

and biological performance. Schweitzer et al. [88] demonstrated that LIPSS formed 

on Ti6Al4V and Ti6Al7Nb alloys enhanced osteoblastic activity and surface wettability 

while maintaining mechanical stability. Choudhury et al. [89] showed that micro-dimple 
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textures significantly increase lubricant film thickness and accelerate hydrodynamic film 

formation in artificial hip joints, and that square-dimple patterns produce faster, thicker films 

than triangular arrays and result in fewer surface scratches under serum lubrication. 

Mechanically fabricated micro-dimples on Ti6Al4V surfaces improve wettability and reduce 

friction under synovial-like lubrication [90]. Texture densities of 10–40% maximise 

hydrodynamic pressure and film thickness in hard-on-soft bearings according to soft-EHL 

modelling [91]. Micro-textures act as lubricant reservoirs and debris traps, reducing 

polyethylene wear and delaying transition to boundary lubrication.  

 

Fig. 2-11 Lubricant film thickness for different texture shapes (left) [89], CoF for different 

types of surfaces (NTS – non-textured, MFETS – micro flat-end textured,  

MBETS – micro ball-end textured, MDTS – micro-drill textured) (right) [90]. 

Laser polishing reduces roughness by 80–90%, eliminates surface pores, and improves 

both wear and corrosion resistance [92,93]. Micro-arc oxidation produces a ceramic TiO₂ 

layer that doubles hardness and greatly improves fretting resistance [94]. Laser-deposited 

Nb and Ti-13Nb coatings enhance hardness, passivation, and SBF corrosion resistance, 

outperforming the base alloy [95]. Additional modifications, plasma nitriding, CrN/CrNiN 

coatings, and laser shock peening, further refine surface integrity and anisotropy. Overall, 

the complete data set reinforces that processing path, microstructure control, surface 

engineering, and environment collectively dictate the mechanical, tribological, corrosive, 

and biological performance of Ti6Al4V. When properly processed and surface-treated, 

AM Ti6Al4V meets or exceeds the performance of wrought alloys in nearly all relevant 

categories [93,94]. 

Despite these advances, fabricating multiscale textures on complex implant geometries 

remains challenging, particularly in terms of process repeatability, residual stress control, 

and long-term mechanical stability. Future developments are therefore expected to focus 

on hybrid strategies that combine laser-generated textures with protective coatings. 

For example, applying DLC or TiN coatings to laser-textured Ti6Al4V substrates 

can enhance lubricant retention, delay coating failure, and reduce overall wear rates [96].  
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2.6 Tribological Behaviour of Biomaterials 

The tribological behaviour of biomaterials [97] plays a key role in determining 

the long-term performance and reliability of load-bearing implants. Friction, wear, 

and lubrication mechanisms at the articulating interfaces directly influence implant stability, 

the generation of wear debris, and the biological response of surrounding tissues. 

Understanding these processes requires not only a mechanical description of contact 

interactions, along with an appreciation of the complex biochemical environment in which 

they occur. Factors such as surface topography, hardness, microstructure, and the presence 

of body fluids or synovial components strongly affect the formation and stability 

of lubricating films. Therefore, tribological evaluation of biomaterials provides essential 

knowledge of how material combinations, surface modifications, and environmental 

conditions contribute to the overall functional longevity. 

Under dry friction, AM Ti6Al4V shows adhesive–abrasive–oxidative wear, with wear 

rates strongly governed by hardness and microstructure [94,98]. Studies against Al₂O₃, 

WC-Co, and cemented carbide consistently show that AM alloys form protective oxide 

tribolayers at higher loads or temperatures, reducing both wear and friction [59,94]. 

Diffusion wear and tungsten-oxide self-lubrication were observed in Ti6Al4V vs carbide 

contacts at elevated temperature. 

Lubrication mechanisms in biological applications differ significantly from those 

in conventional engineering. For the joint implants, we encounter a highly complex problem, 

as the joints in the human body are lubricated by synovial fluid (SF), a complex 

non-Newtonian fluid containing numerous biomolecules, such as albumin, γ-globulin, 

phospholipids, hyaluronic acid, and lubricin, which may affect its behaviour under certain 

conditions. Researchers who are trying to describe the behaviour of joint implant frictional 

surfaces have historically used different types of lubricants to mimic the behaviour of real 

synovial fluid, as working with the real one is not simple due to the limited amount available 

for extraction from patients. Numerous studies began with phosphate-buffered saline (PBS), 

some used bovine calf serum (BCS), which also shows non-Newtonian behaviour [99], 

and the most reliable option is to prepare a synthetic model synovial fluid (M-SF) based 

on the composition [100] of the real SF. Based on the conditions under which the joint 

implants can operate, we can encounter several lubrication mechanisms. In the context 

of rapid articulation, the predominant lubrication mechanisms [101] are hydrodynamic (HD) 

and elastohydrodynamic (EHL). In addition to these two, under certain conditions, especially 

with high load or slow motion, the predominant lubrication mechanism is boundary 

lubrication.  

Bovine serum, commonly used as a synovial fluid analogue, exhibits shear-thinning 

behaviour and a strong, thermally dependent viscosity similar to that of human SF [102]. 

Under high pressures, serum forms speed-independent thin films of roughly 40–50 nm due 
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to multilayer protein adsorption [103]. Even under static load, residual boundary films 

of 9-19 nm persist, protecting low-motion phases. Accurate tribological testing, therefore, 

requires physiological temperature, shear rates, and clinically relevant lubricant 

chemistry [102]. The choice of lubricant diluent (PBS vs deionised water) significantly 

influences protein degradation and can alter polyethylene wear rates by more than a factor 

of two [104]. 

 

Fig. 2-12 BSA viscosity vs shear rate (left) and viscosity vs temperature (right) [102]. 

A fundamental discovery in this area was the research conducted by Myant, Cann 

and their group [105–108], who showed the necessity of conducting the experiments 

connected to joint implants with lubricants as close as possible to the real SF, as they 

proposed and described a novel lubrication mechanism typical for these particular problems, 

called Protein Aggregation Lubrication (PAL). This mechanism is typical for lubricants 

containing biomolecules, especially proteins, as it is based on the formation of a protein-rich, 

high-viscosity phase of aggregated molecules at the inlet of the contact area. The PAL was 

also later analytically modelled [109], based on classical EHL lubrication theory, 

supplemented by a protein-concentration-dependent constitutive equation for fluid viscosity. 

  

Fig. 2-13 Optical interference images at a relative speed of 10 and 50 mm/s with visible 

protein-rich inlet region (left); Sketch of contact flow lines (right) [108]. 
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Natural joint lubricant (synovial fluid) comprises proteins (e.g., albumin, γ-globulin), 

glycoproteins (e.g., lubricin), phospholipids, and high molecular-weight hyaluronic acid, 

which are known to adsorb onto implant surfaces, forming thin boundary layers that strongly 

influence friction and wear in synovial environments [110]. The structure and effectiveness 

of these films depend on the relative concentrations of albumin and γ-globulin, which can 

either stabilise or destabilise boundary lubrication. These molecular layers reduce direct 

asperity contact and friction, enabling boundary or mixed lubrication regimes depending 

on load, sliding velocity, fluid viscosity, and contact kinematics. The effectiveness of such 

boundary films depends on the ability to form, maintain, and regenerate under motion. 

However, mechanical shearing or denaturation of lubricant components may degrade 

the film, reducing its stability and increasing wear rates. It is therefore essential for in vitro 

tests to replicate realistic synovial fluid composition and rheological behaviour to obtain 

physiologically relevant tribological results. Therefore, it is important to understand each SF 

constituent's behaviour well in order to describe the behaviour of the whole SF, 

as demonstrated by Nečas et al. [111]. In the following study by Nečas et al. [112], the direct 

behaviour was incorporated into the individual constituents. It was found that γ-globulin 

and hyaluronic acid (HA) form a thin yet highly stable and uniform boundary layer, whereas 

the subsequent increase in film thickness is mainly due to albumin, which forms alternating 

layers. Phospholipids may further modify these interactions, reducing wear only under 

protein-rich conditions but increasing it under protein-poor conditions [110]. During sliding, 

these proteins can denature into β-sheet-rich, gel-like films that intermittently contact 

the surface and act as a viscous, load-bearing phase, substantially reducing wear [110]. 

In polymeric bearings such as UHMWPE, proteins can also increase friction and wear 

by shifting the mechanism from abrasive to adhesive [113]. 

 

Fig. 2-14 Development of fluorescence intensity (with marked albumin) for lubricants  

with the addition of SF components (left) [112], Average values of CoF  

for lubricants containing different components of SF(right) [113]. 

Friction and wear in biomaterials originate from complex mechanical interactions 

at the interface between contacting surfaces. Under repeated cyclic loading 

and micro-motions typical of joint replacements, multiple wear mechanisms may act 

simultaneously, including adhesive, abrasive, fatigue, and tribochemical wear [114]. 

Adhesive wear emerges from localised bonding and subsequent tearing or removal 
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of asperities [115], whereas abrasive wear is driven by hard particles or counterface 

asperities ploughing or cutting the surface. Fatigue wear results from repeated stress cycles, 

causing subsurface cracks and delamination or spallation of material layers [116]. 

The balance between these mechanisms depends on the mechanical properties 

of the contacting materials, such as hardness, elastic modulus, yield strength, or viscoelastic 

behaviour in polymers, which govern their resistance to plastic deformation and material 

removal. For metallic biomaterials, higher ductility or adhesion may increase the tendency 

for material transfer or ploughing; in contrast, ceramics tend to behave in a brittle manner 

and may fracture under contact stresses. 

In addition to these classical mechanisms, tribochemical wear, driven by reactions 

between the material and its environment, is particularly relevant in physiological 

conditions. The synergistic interaction between mechanical wear and electrochemical 

corrosion, known as tribocorrosion [47], may result in the release of metallic ions 

and the formation of surface oxides, thereby influencing both wear rate and biological 

response. Surface treatments such as anodisation, nitriding, and deposition of bioinert 

or bioactive coatings have been shown to reduce tribocorrosive degradation by stabilising 

surface chemistry and minimising ion release. 

In biological and oxidising environments, AM Ti6Al4V exhibits high corrosion 

resistance due to a stable TiO₂ film. However, passive currents are sometimes slightly higher 

than those of wrought alloys due to martensitic stress [58]. In seawater, Ti6Al4V 

outperforms stainless steel 316L in resisting combined wear–corrosion and shows lower 

wear loss, despite TiO₂’s lower wear resistance compared to Cr₂O₃ [117]. Tribocorrosion 

in seawater accelerates corrosion currents by three orders of magnitude relative to static 

exposure and increases wear rates. Similar tribocorrosion synergies appear in PBS, SBF, 

and albumin-containing media, where LPBF Ti6Al4V (as-built, stress-relieved, annealed) 

consistently exhibits ~30–40% lower total volume loss than conventional alloys under OCP 

and potentiostatic conditions [118]. Annealing especially improves oxide stability 

in corrosive media. 

Modern tribological studies increasingly employ in situ techniques such as atomic force 

microscopy (AFM) nanotribometry, Raman spectroscopy, and fluorescence imaging 

to visualise film formation and protein adsorption at the micro-scale. These methods, 

combined with numerical simulations of contact mechanics and lubrication, enable 

correlation of film thickness, viscosity distribution, and shear stress with frictional behaviour 

under physiological conditions. Furthermore, bioinspired lubrication strategies [119] 

that replicate natural cartilage lubrication (e.g., phospholipid–hyaluronan complexes 

or polymer brushes) are being developed to engineer surfaces with superior boundary film 

stability and self-healing properties. 
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2.7 Knowledge regarding small joint implants 

In the context of small joint implants, particularly those of the first metatarsophalangeal 

(1.MTP) joint, the extant knowledge in this field remains comparatively limited across 

the literature. A wide range of implant designs have been utilised historically [120], 

including silicone double-stemmed flexible hinges, metallic hemiarthroplasties, and MoP 

total replacements. The most prevalent configuration of this implant, the MoP total 

replacement, which also serves as the focal point of the present research, closely resembles 

the design principles of the hip joint implant, as both systems represent ball-and-socket 

articulations. However, the main differences lie in the significantly smaller size, lower 

overall contact pressures, and reduced contact area of the 1.MTP joint, which together create 

a distinct biomechanical and tribological environment. 

The first metatarsophalangeal joint plays a key role in ensuring optimal gait mechanics, 

weight distribution, and push-off during walking. Degenerative diseases such as hallux 

rigidus, trauma, or rheumatoid arthritis can considerably impair its function, leading to pain, 

stiffness, and restricted mobility [121]. In cases where conservative treatment has failed, 

arthroplasty of the 1.MTP joint can be considered as a surgical intervention to restore motion 

and alleviate pain [122,123]. Compared with larger joints, such as the hip or knee, implants 

for smaller joints are subjected to significantly lower loads. However, they are exposed 

to higher localised stresses and more complex, multidirectional motions. This makes 

the biomechanical and tribological optimisation of such implants challenging. 

The earliest 1.MTP joint implants were silicone spacers, first introduced in the 1960s. 

These were primarily designed to act as flexible hinges that maintain joint space and reduce 

pain, rather than fully reproduce physiological kinematics [124]. Although silicone implants 

initially showed success, long-term follow-up studies have reported high rates of implant 

fracture, deformation, and synovial membrane inflammation due to silicone debris [125]. 

Subsequent generations of designs incorporated metallic components, including stainless 

steel, cobalt chromium-molybdenum alloys, and titanium alloys. These components 

are often used with UHMWPE bearings, therefore enhancing wear resistance and overall 

mechanical stability. Recent approaches have also explored the use of pyrolytic carbon 

and ceramic materials, which more closely approximate the elastic modulus and tribological 

characteristics of natural cartilage. The aim of this is to achieve smoother articulation 

and improved load transfer [126]. 

From a biomechanical and tribological perspective, the 1.MTP joint exhibits complex 

motion that combines dorsiflexion, plantarflexion, and minor rotational components. 

The contact area is relatively small, and the lubrication regime is believed 

to be predominantly boundary or mixed, given the limited synovial fluid volume and low 

sliding speed during normal gait. For instance, the passive dorsiflexion range 

and sagittal-plane kinematics of the 1st MTP have been examined in relation to gait patterns 
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[127,128]. These conditions leave the joint particularly susceptible to micro-motion, 

third-body wear, and localised surface damage. Titanium alloys, most notably Ti6Al4V, 

have attracted notable attention; however, they exhibit comparatively lower wear resistance 

under sliding conditions. A recent study found that conventional Ti6Al4V did not form 

a sufficient lubrication film in small joint conditions and suffered surface damage. 

The tribological performance of surfaces can be enhanced and the risk of fretting 

and corrosion reduced through surface modifications such as texturing, anodising, 

and the application of hard coatings (TiN, DLC) [129]. UHMWPE remains the most 

common bearing material, though oxidative degradation and fatigue wear can occur under 

repeated micro-movements, leading to particle release and potential osteolytic reactions. 

A study of the tribological behaviour of UHMWPE in contact with Ti6Al4V has indicated 

the potential for wear in this combination [130]. 

The clinical outcomes of 1.MTP arthroplasties exhibit considerable variability, 

contingent on implant design, fixation method, and patient-specific factors. While silicone 

implants remain an option for patients with low demand, metal-polymer and pyrocarbon 

systems have been shown to exhibit superior mechanical integrity and greater physiological 

mobility. Nevertheless, complications such as loosening, subsidence, malalignment, 

and wear-induced osteolysis continue to limit long-term success rates. Recent studies have 

emphasised the importance of understanding the interplay between mechanical wear, 

corrosion, and lubrication breakdown at the articulating surfaces, particularly in the context 

of mixed tribocorrosion mechanisms that may accelerate material degradation [131]. 

2.8 Analysis and Conclusions of the Literature Review 

The reviewed literature provides a comprehensive, multidimensional overview 

of the current state of knowledge regarding joint replacement technology, the tribological 

behaviour of biomaterials, the additive manufacturing of metallic implants, and the specific 

biomechanical and lubrication challenges associated with small joint arthroplasty. 

Historically, joint replacement has evolved from early concepts introduced in the late 

19th century employing rudimentary materials such as ivory [14], through the technological 

breakthrough of Charnley’s low-friction arthroplasty in the 1960s [15,16], to the modern era 

characterised by advanced biomaterials, computationally optimised designs, and improved 

long-term outcomes [17]. Although these advancements have been made, the literature 

consistently emphasises that the functional success of any joint replacement remains tightly 

bound to the relationship between mechanical loading, wear, corrosion, lubrication 

mechanisms, and the biological response of the surrounding tissues. 

A significant outcome of the review is the recognition that joint replacements must 

be evaluated not only in terms of their geometry and load-transfer capability, but also 

in light of the tribological demands of the articulating surfaces. Various implant 

configurations: metal-on-polymer (MoP), ceramic-on-ceramic (CoC), metal-on-metal 
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(MoM), ceramic-on-polymer (CoP), and others have been employed throughout 

the evolution of arthroplasty [23–26]. Nevertheless, the literature shows that only a limited 

number of these bearing combinations are used clinically today, primarily MoP, CoC, 

and CoP, due to their favourable balance of friction, stability, and biocompatibility. 

Successful implant design relies on replication of natural joint kinematics, adequate 

constraint, and minimisation of contact stresses, with patient-specific factors such as age, 

bone quality, and activity level playing important roles [17,24–26]. 

The material selection for modern implants remains centred around three major groups: 

metallic alloys, polymeric materials, and ceramics [27–32]. Titanium alloys, most notably 

Ti6Al4V, are widely used due to their favourable mechanical properties, biocompatibility, 

and relatively low elastic modulus, which is closer to that of bone than that of other metals. 

Nonetheless, the literature highlights significant limitations, including stress-shielding 

effects [33], concerns regarding aluminium and vanadium toxicity [33], and susceptibility 

to tribocorrosion under physiological conditions [46–48]. These findings motivate 

the investigation of alternative titanium alloy compositions [34–38], microstructural 

optimisation [39–41], and surface modification strategies [49]. 

Additive manufacturing (AM), especially methods such as selective laser melting 

(SLM), selective electron beam melting (SEBM), and laser direct metal deposition (LDMD), 

has significantly expanded the design possibilities for orthopaedic implants, providing 

complex geometries, lattice structures, and patient-specific solutions [21,52–56]. However, 

AM Ti6Al4V exhibits a unique martensitic α′ microstructure [57], anisotropic grain 

morphology [59–63], higher defect concentration [62–63], and characteristic surface 

roughness due to melt-pool overlaps and partially fused particles [61]. These microstructural 

and surface features influence mechanical properties, corrosion behaviour, protein 

adsorption, and tribological response [54,59–64,68,69]. Although postprocessing techniques 

such as hot isostatic pressing (HIP), annealing, polishing, microblasting, or electrochemical 

polishing can improve densification, ductility, and surface integrity [54,56,64], the literature 

consistently notes that as-built AM surfaces often display inferior tribological performance 

without additional modification [56,65]. 

Among the numerous surface engineering strategies investigated, nitride-based coatings 

(e.g., TiN) have shown significant improvements in wear resistance and reduced ion release 

in lubricants containing proteins [72–76]. Plasma nitriding, plasma ion implantation, 

and anodic oxidation generate hardened diffusion layers, promote beneficial residual 

stresses, and improve corrosion resistance [74,77,78]. Diamond-like carbon (DLC) coatings 

exhibit excellent hardness, low friction coefficients (down to ~0.05 under lubrication), 

chemical inertness, and favourable biocompatibility [80–83]. The literature also documents 

challenges associated with DLC, including internal residual stresses and adhesion issues, 

which may require the introduction of interlayers such as Ti or Cr to improve coating 

durability [84,85]. 
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Beyond coatings, surface texturing has been established as a key strategy to improve 

lubrication and wear resistance. Micro- and nano-scale textures, including dimples, grooves, 

and laser-induced periodic surface structures (LIPSS), can act as lubricant reservoirs, reduce 

contact pressures, and enhance hydrodynamic and mixed lubrication in joint-like conditions 

[86–91]. Studies show that laser polishing can reduce surface roughness by up to 90% 

and improve corrosion and wear resistance [92,93]. At the same time, micro-arc oxidation 

produces a TiO₂ layer that significantly improves fretting resistance [94]. Additional 

laser-deposited Nb or Ti-Nb coatings demonstrate improved passivation and tribocorrosion 

resistance [95]. Taken together, the literature confirms that the combination 

of AM processing, microstructure control, and suitable surface modification can improve 

the overall mechanical, corrosion, and tribological performance of Ti6Al4V, possibly 

exceeding that of conventionally manufactured alloys [93,94]. 

A key theme of the review is the complexity of lubrication in artificial joints. Synovial 

fluid (SF) is a non-Newtonian, protein-rich medium composed of albumin, γ-globulin, 

lubricin, hyaluronic acid, and phospholipids [99–111]. Its behaviour differs fundamentally 

from that of engineering lubricants, with the formation of ultrathin boundary layers 

and protein-based films dominating friction and wear. A significant contribution of recent 

research is the Protein Aggregation Lubrication (PAL) mechanism proposed by Myant, 

Cann, and colleagues [102–106], which demonstrates that protein aggregation at the inlet 

of the contact zone can generate a highly viscous, load-bearing film not predicted 

by classical hydrodynamic lubrication theory. Research additionally shows that γ-globulin 

and hyaluronic acid form stable, uniform boundary layers, while albumin contributes to film 

thickness via multilayer adsorption [107–109]. Depending on biochemical conditions, 

phospholipids may either enhance or diminish lubrication [109]. However, under low motion 

or high load, boundary lubrication dominates, and proteins may denature into β-sheet-rich 

gel-like films that provide local load support but may also increase wear in polymeric 

materials such as UHMWPE [110]. 

Finally, the review underscores distinctive challenges associated with small joint 

implants, particularly those of the first metatarsophalangeal joint. Compared to larger joints, 

1. MTP implants undergo lower absolute loads but higher localised stresses, small contact 

areas, limited lubricant volume, and complex movement combining dorsiflexion, 

plantarflexion, and rotational components [121–128]. The lubrication regime is therefore 

predominantly boundary or mixed, and Ti6Al4V surfaces may fail to form sufficiently stable 

lubricating films under these conditions, leading to surface degradation and increased 

friction. Wear mechanisms such as adhesive wear, third-body abrasion, fretting, 

and tribocorrosion are particularly relevant. The literature further indicates that UHMWPE, 

despite being the most common bearing material, is susceptible to oxidative and fatigue 

wear, which can generate wear particles and trigger osteolytic reactions [129–130]. 

Complications such as loosening, subsidence, and wear-induced osteolysis remain 

significant issues in the clinical performance of small joint implants [131]. 
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To summarise, the literature identifies a clear research gap concerning the behaviour 

of additively manufactured Ti6Al4V surfaces in the tribological environment of small joints. 

While numerous studies address AM microstructures, surface engineering techniques, 

and lubrication mechanisms, very few investigate how the inherent surface morphology 

and the subsurface microstructure formed by AM influence protein adsorption, lubrication 

stability, friction, and wear in boundary-dominated conditions typical of the 1.MTP joint. 

This gap provides a strong justification for continued experimental research to determine 

whether AM micro- and nanoscale features can serve as beneficial surface textures and how 

additional surface treatments may enhance tribological performance under physiologically 

relevant conditions. 

 

Fig. 2-15 Graphical overview of the current state of knowledge. 
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2.9 Identified Knowledge Gaps 

Based on the comprehensive literature review and its subsequent analysis, several 

critical knowledge gaps have been identified regarding the tribological behaviour of small 

joint implants manufactured by additive technologies. These gaps highlight areas where 

existing research is insufficient and where further investigation is necessary, particularly 

for understanding the performance of Ti6Al4V in the first metatarsophalangeal (1.MTP) 

joint under physiologically relevant conditions. 

1. A limited number of studies on the tribological behaviour of AM Ti6Al4V under 

small joint conditions. Most existing tribological research focuses on large joints (hip, 

knee) or simplified laboratory configurations, not on small joints such as the 1.MTP, 

which operate predominantly in boundary lubrication regimes [23, 101, 121–128]. 

No systematic studies examine how additively manufactured (AM) surface features 

and microstructures influence lubrication film formation, protein adsorption, friction, 

or wear in the low velocity, low lubricant volume conditions typical of small joints. 

2. Insufficient understanding of how inherent AM micro- and sub-surface structures 

interact with synovial fluid. Additive manufacturing produces distinct features, 

including martensitic α′ phases, columnar β-grain orientation, residual stresses, pores, 

and melt-pool overlaps [57–63]. It remains unknown how these features influence 

the behaviour of synovial fluid constituents: albumin, γ-globulin, hyaluronic acid, 

phospholipids [107–109] and whether they support or hinder the Protein Aggregation 

Lubrication (PAL) mechanism [102–106]. 

3. Lack of knowledge regarding the “functional texturing” potential of as-built AM 

surfaces. Artificial textures (dimples, grooves, LIPSS) have been shown to enhance 

lubrication and reduce wear [86–91]. However, it is unclear whether as-built AM surface 

features, partially fused particles, melt-pool boundaries, and inherent roughness can: 

• act as functional micro-textures, 

• serve as lubricant reservoirs, 

• stabilise protein adsorption, 

• or improve boundary lubrication performance. 

4. Lack of data on UHMWPE – AM Ti6Al4V interactions in synovial environments 

relevant to small joints. UHMWPE is the standard bearing material for small joint 

arthroplasty, but it is susceptible to oxidative and fatigue wear [129,130]. There 

is no systematic comparison of: 

• conventional vs AM Ti6Al4V surfaces, 

• surface-treated vs untreated AM surfaces, 

• performance in real or model synovial fluids, specifically under boundary 

dominated conditions typical for small joints. 
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The dissertation aims to describe the tribological behaviour of additively manufactured 

Ti6Al4V alloy for use in joint implants, focusing on its comparison with the conventionally 

used CoCr30Mo6 alloy, particularly regarding lubrication film formation and wear 

durability. To achieve the primary goal of this thesis, the solution of the following sub-goals 

is necessary: 

• Design of experiments and approaches for their evaluation. 

• Implementation of the optical observing methods, such as fluorescent microscopy 

and colourimetric interferometry, for this particular contact pair. 

• Development of the methodology for evaluating the results for samples with controlled 

surface structure by optical methods. 

• Development and design of the experimental device (long-term wear simulator). 

• Description of tribological processes, such as friction, lubrication and wear. 

• Data analysis. 

• Results discussion and summarising publications. 

3.1 Layout of the Dissertation 

To achieve the previously mentioned aims, the dissertation presents comprehensive 

research across four consecutive articles, each building on the knowledge gained 

in the previous one, from conventionally manufactured samples through laser texturing 

to the creation of whole samples using additive manufacturing with controlled surface 

structure. A schematic representation of this process is presented in Fig. 3-1, while a detailed 

overview and description of each publication are in Chapter 5, Results and Discussion 

of Hypotheses. 

 

Fig. 3-1 The layout of the dissertation from the perspective of the presented articles 

and the topics they cover. 

The dissertation addresses three main scientific questions, which are answered in the first 

three articles (Articles 1, 3, and 4) published individually. The fourth publication (Article 2), 

a second author article, introduced textures and their performance, which helped understand 

their effects and design the final structure created on the final sample using 3D printing. 
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3.2 Scientific Questions and Hypotheses 

3.2.1 Scientific question 1 (Article 1) 

How do conventionally manufactured CoCr30Mo6 and Ti6Al4V differ in tribological 

behaviour under simulated small joint implant conditions? 

Rationale 

The comparison between conventionally manufactured CoCr30Mo6 and Ti6Al4V 

alloys is fundamental for understanding the mechanisms that depend on material and govern 

friction, wear, and lubrication in orthopaedic implants. Although both alloys are widely used 

in load-bearing joint replacements, their intrinsic mechanical, chemical, and tribological 

properties differ significantly, resulting in distinct surface interactions under simulated 

physiological conditions. 

Cobalt-chromium alloys are characterised by high hardness, superior wear resistance, 

and chemical stability, primarily due to the formation of a stable Cr₂O₃ passive film [27,46]. 

These features enable CoCr30Mo6 to resist plastic deformation and micro-adhesion during 

articulation, thus favouring lower friction and reduced material loss under mixed 

or boundary lubrication regimes [97,114]. In contrast, Ti6Al4V offers a lower elastic 

modulus and outstanding biocompatibility, which make it suitable for osseointegration 

and stress distribution [33,41]. However, its relatively low hardness and strong chemical 

reactivity lead to a higher susceptibility to adhesive and tribochemical wear when exposed 

to protein-rich lubricants [47,83]. The passive TiO₂ layer, although biocompatible 

and self-healing, can be mechanically disrupted under cyclic loading, exposing 

the underlying alloy and accelerating tribocorrosion [46,47]. 

The differences between these alloys are further emphasised when considering their 

interaction with synovial fluid constituents. Biological lubricants, composed of proteins 

such as albumin, γ-globulin, and lubricin, form boundary films that mediate friction 

and wear [101,105]. The ability of a metallic surface to adsorb and retain these proteins 

depends strongly on its surface energy, charge, and oxide chemistry [42,111,112]. 

CoCr30Mo6, with its chemically stable surface, tends to promote the formation of compact, 

adherent protein layers that sustain mixed lubrication and prevent direct asperity contact 

[105–108]. In contrast, Ti6Al4V exhibits variable adsorption behaviour due to the dynamic 

nature of the TiO₂ film and its interaction with biomolecules, often resulting in thinner 

or discontinuous boundary layers [112]. As a result, titanium alloys typically demonstrate 

higher friction coefficients and greater wear rates than cobalt-chromium alloys under 

comparable physiological test conditions [69,97,114]. 

Previous tribocorrosion studies have reported that CoCr-based alloys maintain a more 

stable electrochemical potential and exhibit lower current density fluctuations during sliding 
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in simulated body fluids, indicating a better ability to preserve passive films [69,75,81]. 

Conversely, Ti6Al4V tends to show stronger tribochemical reactivity and a higher tendency 

toward surface material transfer under identical conditions [47,116]. The combined 

mechanical and electrochemical degradation of titanium alloys can thus amplify wear 

particle generation, which may contribute to biological reactions and inflammatory 

responses in vivo [48]. 

While extensive data exist for large joint replacements such as hip and knee prostheses, 

the tribological behaviour in small joint configurations remains comparatively 

underexplored [120–125]. The reduced contact area, lower normal load, and different 

kinematic conditions in these joints alter the lubrication regime, often shifting toward 

boundary-dominated conditions where protein film stability and surface hardness play 

critical roles [101,109]. Understanding these mechanisms is therefore crucial for optimising 

material selection for small joint implants, where the interplay of scale, lubrication, 

and material surface chemistry becomes more pronounced. 

Hypothesis 

The conventionally manufactured CoCr30Mo6 alloy is expected to exhibit lower 

friction and wear than Ti6Al4V under simulated small joint conditions. This behaviour 

is hypothesised to result primarily from its higher hardness, greater chemical stability, 

and better ability to maintain stable lubrication conditions under physiological loading. 

3.2.2 Scientific question 2 (Article 3) 

How does a controlled surface structure affect the tribological behaviour of additively 

manufactured Ti6Al4V compared with the as-built surface under simulated joint conditions? 

Rationale 

Additive manufacturing (AM) of metallic biomaterials, particularly Ti6Al4V, 

has enabled the fabrication of complex geometries for patient-specific implants; however, 

the process inherently introduces surface irregularities, partially melted particles, 

and anisotropic microstructures that influence the tribological performance of the final 

component [52,53,55,56]. The as-built surface of AM Ti6Al4V typically exhibits 

higher roughness and porosity than conventionally manufactured counterparts, leading 

to increased asperity contact, elevated friction, and accelerated wear under sliding 

conditions [56,64]. In biomedical applications, such surface features can also act 

as initiation sites for tribocorrosion and fatigue, limiting the long-term functional stability 

of the implant [57,69]. 

Recent advances in surface engineering have focused on controlled texturing 

of AM Ti6Al4V surfaces to manipulate their tribological response [86,87]. Controlled 

surface structures, such as periodic micro-grooves, dimples, or laser-induced periodic 
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surface structures (LIPSS), can modify contact mechanics and hydrodynamic behaviour 

by reducing the real contact area and facilitating lubricant entrainment [87,88,96]. 

Such modifications not only enhance wear resistance but also stabilise the running-in period, 

which is crucial for achieving steady-state friction in articulating pairs [56,96]. 

From a tribological standpoint, micro-textures act as micro-reservoirs that retain 

lubricants and debris, thereby improving lubrication and mitigating abrasive and adhesive 

wear [87,97]. Under boundary or mixed lubrication conditions, as typically encountered 

in biotribological environments, these structures can promote the adsorption and retention 

of proteins and synovial fluid constituents, facilitating the formation of boundary  

films [100,101,105–109,111,112]. The local variation in pressure and shear stress induced 

by micro-patterns also influences the development of tribochemical reaction layers, 

which further contribute to surface protection [47,83]. 

Moreover, additive manufacturing provides a unique opportunity to design the surface 

structure directly during fabrication, allowing for integration of texture geometry 

into the digital model prior to printing. This integration enables tailoring of the surface 

function without the need for extensive post-processing [52,55]. However, while several 

studies report beneficial effects of micro-textures on tribological performance in model tests, 

the interplay between texture geometry, surface chemistry, and lubrication behaviour 

in additively manufactured Ti6Al4V under realistic joint conditions remains insufficiently 

explored [67,68,87]. 

Hypothesis 

It is hypothesised that a controlled surface structure on additively manufactured 

Ti6Al4V will reduce friction and wear and improve running-in stability compared 

with the as-built surface under comparable loading and kinematic conditions. 

This improvement is expected to result from reduced real contact area and more stable 

lubrication conditions promoted by the surface structure. 

3.2.3 Scientific question 3 (Article 4) 

How does additively manufactured Ti6Al4V with a targeted grid surface structure affect 

the long-term wear performance compared to the conventional CoCr30Mo6 alloy? 

Rationale 

The comparison between conventionally manufactured CoCr30Mo6 and 3D printed 

Ti6Al4V with a targeted grid-type surface structure provides an important step toward 

understanding the balance between material properties and engineered topography 

in long-term tribological performance. While CoCr30Mo6 remains the benchmark alloy 

for orthopaedic bearings due to its high hardness, excellent corrosion resistance, and long 

clinical track record [27,46,114], Ti6Al4V has gained increasing interest for additive 
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manufacturing (AM) because of its biocompatibility, low density, and design flexibility 

[33,52,53]. However, the as-built AM surface typically exhibits partially fused particles, 

high roughness, and residual porosity that accelerate wear and tribocorrosion under 

articulation [56,64,68]. 

The introduction of targeted surface structures, such as periodic grids, dimples, or cross-

groove patterns, onto AM Ti6Al4V aims to counteract these deficiencies by modifying local 

contact mechanics and lubrication conditions [86,87]. Such micro-lattice textures can serve 

as reservoirs for lubricants or protein aggregates, reduce asperity contact, and stabilise 

the transition from running-in to steady-state sliding [87,96]. These effects are particularly 

valuable in mixed and boundary lubrication regimes, which dominate the behaviour of small 

joint implants where the fluid film thickness is comparable to surface roughness [101,109]. 

Compared with CoCr30Mo6, Ti6Al4V generally displays lower hardness and higher 

susceptibility to tribochemical wear, especially under long-term articulation in proteinaceous 

media [46,47,83]. However, micro-texturing and grid-like structuring have been shown 

to substantially mitigate these effects by promoting tribofilm formation and retention 

and limiting surface adhesion. The grid geometry can further influence lubricant entrainment 

and stress distribution, promoting the establishment of quasi-hydrodynamic pockets 

that delay direct metal-metal contact. 

Over extended sliding cycles, the synergy between micro-texture geometry 

and the Ti6Al4V passive TiO₂ film becomes critical. Stable passive layers combined 

with well-designed textural reservoirs can preserve lubrication and limit oxide disruption, 

thereby improving wear resistance and friction stability [47,57,69]. Nonetheless, due 

to inherent differences in hardness, elastic modulus, and corrosion potential between 

Ti6Al4V and CoCr30Mo6, the tribological performance of the structured Ti alloy may only 

partially match that of cobalt-based materials, unless the texture design is optimised for both 

load support and lubricant retention [46,56,96]. 

Hypothesis 

It is hypothesised that additively manufactured Ti6Al4V with a targeted grid surface 

structure will exhibit stable running-in and good wear resistance, but will not surpass 

conventionally manufactured CoCr30Mo6 in terms of friction and wear performance under 

comparable loading and kinematic conditions.  
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4.1 Experimental equipment 

To achieve the main goals of this work, which aimed to comprehensively describe 

the tribological behaviour of the studied contact pair, several complementary experimental 

techniques were utilised. Each device was chosen to address a particular aspect 

of the problem, from simulating mechanical loading and relative motion to precisely 

characterising surface topography and film formation. Together, these instruments formed 

an integrated system for evaluating the mechanisms occurring at the sliding interface 

relevant to artificial joint applications. The initial phases of the research were primarily 

conducted on the universal tribometer using a pin-on-plate configuration (see Fig. 4-1). 

This device enabled simultaneous measurement of the coefficient of friction and direct 

optical observation of the contact area, allowing correlation of the frictional response 

with the development of the lubricant film and the behaviour of the model synovial fluid 

constituents within the contact region.  

 

Fig. 4-1 Tribometer with pin-on-plate configuration. 

In the case of colourimetric interferometry (see Fig. 4-2a), the measuring system 

consisted of a microscope, a light source, a high speed camera, and a coated transparent 

plate. The glass plate was coated with a semi-reflective chromium layer 

and an anti-reflective layer to enhance the contrast of the interference fringes. The film 

thickness evaluation was based on calibration curves obtained from a lightly loaded static 

contact, followed by recording interferograms during the fully loaded reciprocating motion 

and correlating the captured colour information with the calibration data. This arrangement 

was used especially in Articles 1 and 2, where the main goal was to evaluate the development 

of the lubrication film thickness under simplified but well-controlled conditions. In addition 

to interferometric observations, the same experimental platform was adapted for fluorescent 

microscopy (see Fig. 4-2b), which enabled direct visualisation of selected constituents 



 

4 Materials and Methods                                                                                                      39 

 

of the model synovial fluid within the contact area and their behaviour during reciprocating 

motion. These observations were mainly used in Articles 3 and 4.  

 

Fig. 4-2 a) Scheme of colourimetric interferometry, b) Scheme of fluorescent microscopy. 

In later phases of the research, a new long-term wear simulator was developed 

(see Fig. 4-3). The simulator is equipped with two independent test stations, enabling direct 

comparison of parallel experiments and identifying possible differences between 

measurements.  

 

Fig. 4-3 Long-term wear simulator. 

The simulator operates via a servo motor connected to a gearbox, while the mechanical 

design converts the rotary motion into linear reciprocation with a sinusoidal velocity profile. 

A spring mechanism balances the inherent weight of the loading arm; an additional normal 

a) b) 
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load is applied using calibrated masses; and a force transducer continuously monitors 

the applied load. Each station also incorporates a peristaltic pump system, which fills 

the chamber before testing, maintains lubricant supply during operation, and collects 

lubricant containing wear debris after the test for subsequent analytical evaluation. 

The testing station of the simulator is depicted in Fig. 4-4. This apparatus served as the basis 

for the long-term experiments presented in Article 4. 

 

Fig. 4-4 Detail of the testing station. 

For further analysis following the experiments, several additional devices were used 

to characterise the surface topography, microstructure, and chemistry of the tested samples. 

Initial surface characterisation was always performed using an optical profilometer (Bruker 

Contour GT-X8). In the final phase of the research, where long-term wear tests were 

conducted, a Tescan LYRA 3 XMH FEG/, equipped with Energy Dispersive X-ray 

Spectroscopy (EDS) detectors from Oxford Instruments, a DualBeam scanning electron 

microscope FEI Helios NanoLab 660 for FIB lamella preparation, and a JEOL JEM-2100F 

transmission electron microscope were used to characterise the worn surfaces and subsurface 

regions of the tested pins. These analyses enabled complementing the macroscopic 

tribological results with morphological, chemical, and microstructural observations. 

4.2 Contact Pair and Lubricant 

The entire research was conducted in a simplified pin-on-plate configuration, 

which allowed a more precise description of the complex tribological behaviour 

of the studied contact pair under lubrication by a fluid containing physiological components. 

The target contact pair of additively manufactured Ti6Al4V alloy with a controlled surface 

structure against UHMWPE was used only in the final phase of this research. In earlier 

phases, the UHMWPE plate had to be replaced with transparent counterparts to enable 

optical observation of the contact area using colourimetric interferometry and fluorescent 
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microscopy. This simplified configuration was intentionally selected because it allowed 

individual lubrication and wear-related phenomena to be studied directly, even though it did 

not fully reproduce the geometry and conformity of a real implant contact.  

The metallic parts were always prepared in a way that ensured comparability between 

the individual stages of the research. Conventionally manufactured CoCr30Mo6 

(ASTM F75) and Ti6Al4V (ISO 5832-3) samples were produced by cold drawing, cut from 

bars, and machined. In Article 1, these conventionally prepared materials served 

as a reference for the basic comparison of tribological behaviour. In Article 2, the Ti6Al4V 

and CoCr30Mo6 pins were further modified by surface texturing. The textures were 

designed as circular dimples arranged in a triangular pattern, because this geometry 

is suitable for picosecond laser manufacturing and remains insensitive to changes 

in the direction of motion. A coverage density of 15% was selected, the dimple radius was 

15 µm, the centre-to-centre distance was 74 µm, and the texture depth was varied from 

0.4 to 6 µm to change the texture's aspect ratio. The textures were created using picosecond 

laser micromachining and were subsequently treated by the DLyte electrochemical polishing 

method to reduce the rims formed during laser processing.  

The additively manufactured Ti6Al4V samples were produced using Laser Powder Bed 

Fusion technology with Ti6Al4V Grade 23 powder meeting ASTM F3001 requirements. 

The 3D printer used was an SLM 280HL from Nikon SLM Solutions AG. The samples were 

fabricated in an argon atmosphere with a low oxygen level, with a layer thickness of 30 µm, 

a laser power of 100 W, and a scan speed of 450 mm/s. In Article 3, three surface variants 

were studied: a homogeneous surface, a grid structure, and a line structure. The structured 

variants were created by increasing the hatch distance to 179 µm and by using a meander 

printing strategy with a rotation of either 0° or 90° between layers. In Article 4, only the grid 

structure was selected for further experiments, because it had shown the most favourable 

behaviour in the preceding short-term optical studies. In both cases, the structured region 

was created only in the top part of the sample, while the remaining volume stayed 

homogeneous. After production, all pins were polished to the required curvature radius 

and surface roughness. 

For optical experiments, transparent PMMA or B270 glass plates were used. PMMA 

was selected for fluorescence microscopy because it enabled direct observation of lubricant 

constituents in the contact area. Glass was used for colourimetric interferometry and was 

coated with chromium and an anti-reflective layer to improve interferometric contrast. 

In the final phase of the research, the real counterpart material, UHMWPE, was used 

in long-term wear experiments. At the same time, PMMA was retained for mid-term 

fluorescence observations because direct optical access to the contact area was required. 

This progression from transparent, simplified counterparts to the real material combination 

reflects the overall logic of the dissertation, in which the first studies focused on mechanism 

description and the final study on long-term behaviour under more realistic conditions.  
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In Tab. 4-1, the material configurations used for each article in this thesis are summarised. 

Tab. 4-1 Contact pair configurations throughout the dissertation thesis. 

Article   Material combination 

1 
  CM Ti6Al4V / Glass 

  CM CoCr30Mo6 / Glass 

2 
  CM Ti6Al4V with laser textures / Glass 

  CM CoCr30Mo6 with laser textures / Glass 

3 

  AM Ti6Al4V with homogeneous surface / Glass 

  AM Ti6Al4V with grid structure / Glass 

  AM Ti6Al4V with line surface / Glass 

4 

  AM Ti6Al4V with grid structure/ UHMWPE 

  AM Ti6Al4V with grid structure / PMMA 

  CM CoCr30Mo6 / UHMWPE 

  CM CoCr30Mo6 / PMMA 

The lubricant used in all experiments was a synthetically prepared model synovial fluid 

(M-SF) that closely matches the composition of synovial fluid found in human joints after 

arthroplasty [132]. The final base composition was as follows: albumin (26.3 mg/ml), 

γ-globulin (8.2 mg/ml), hyaluronic acid (0.82 mg/ml), and phospholipids (0.35 mg/ml), 

all diluted in phosphate-buffered saline. In addition to this base M-SF, 

which was used for the experiments using colourimetric interferometry, it was necessary 

to adjust it for the experiments using fluorescence microscopy, where the main constituents 

(albumin, γ-globulin, and hyaluronic acid) were fluorescently labelled. The dyes 

for each component are as follows: rhodamine-B-isothiocyanate (RBITC) for albumin, 

and fluorescein-5-isothiocyanate (FITC) for γ-globulin and hyaluronic acid. Moreover, 

in the long-term wear experiments, a high level of bacterial growth was observed 

in the solution, manifested as blackening and odour. To suppress bacterial growth, a 1% 

solution of L-Glutamine-Penicillin-Streptomycin was added to the M-SF. 

4.3 Experimental Design 

Throughout the dissertation, several complementary experiments and methods were 

used to provide a comprehensive overview of the examined problem. The experimental 

design can be divided into two main groups. The first group corresponds to Articles 1–3, 

in which the real implant contact pair had to be partially simplified to enable direct optical 

observation of the contact region. The second group corresponds to Article 4, where 

the material configuration already more closely matched the real metal-on-polyethene 

concept and where the main emphasis was on long-term wear and durability. In this way, 

the dissertation progresses from mechanistic short-term studies toward a more realistic 
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long-term validation of the selected material concept. During the dissertation, several 

parameters were obtained at different stages of the research, while all obtained parameters 

are summarised in the following bullet points: 

• Friction 

(tribometer) 

• Wear – Volume loss 

(optical profilometer) 

• Lubrication film thickness 

(colourimetric interferometry) 

• Surface topography – roughness 

(optical profilometer) 

• Area covered by the M-SF constituents 

(fluorescence microscopy) 

• Microstructural and chemical analysis 

(SEM, EDS, STEM) 

• M-SF constituents fluorescence intensity 

(fluorescence microscopy) 
 

The kinematic and loading conditions used throughout the work were derived 

from available knowledge of the first metatarsophalangeal joint and from standards 

for larger joint replacements. The experimental cycle was designed as a 1-second cycle. 

Based on the reported movement of the 1. MTP joint, the path in which the real joint remains 

in contact was recalculated to be approximately 12 mm. However, in the experiments, 

the stroke was increased to 20 mm in order to provide a sufficiently long region with constant 

speed and stable loading, unaffected by the dead ends of the reciprocating motion. 

The analysis of the joint kinematics showed that the relative speed is low during most 

of the cycle, while higher values occur only during part of the movement. Therefore, 

the main experimental speeds of 20 mm/s and 40 mm/s were selected for the short- 

and medium-term studies. The kinematic and loading conditions used in the experiments 

in this study are summarised in Tab. 4-2. 

Tab. 4-2 Summarised kinematic and loading conditions used in each article. 

Article Material combination Pin radius Load Contact pressure Relative speed stroke 

1 
CM Ti6Al4V / Glass 

15 mm 
0.73 N 

105.5 MPa 
20 mm/s 

20 mm 

CM CoCr30Mo6 / Glass 0.5 N 40 mm/s 

2 
CM Ti6Al4V / Glass 

100 mm 0.5 N 
26.3 MPa* 

20 mm/s 20 mm 
CM CoCr30Mo6 / Glass 29.6 MPa* 

3 AM Ti6Al4V / Glass 100 mm 1 N 35.1 MPa* 20 mm/s 20 mm 

4 

AM Ti6Al4V / UHMWPE 

100 mm 2 N 

7.6 MPa* 

40 mm/s 20 mm 
AM Ti6Al4V / PMMA 3.4 MPa* 

CM CoCr30Mo6 / UHMWPE 7.7 MPa 

CM CoCr30Mo6 / PMMA 3.4 MPa 

*Values of the contact pressure were calculated for a homogeneous surface without textures/structures. 
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In Article 1, the aim was to compare conventionally manufactured CoCr30Mo6 

and Ti6Al4V under short-term conditions using colourimetric interferometry. The applied 

loads were recalculated using Hertzian contact theory to achieve comparable contact 

pressure between the two materials despite their different elastic properties. In Article 3, 

the experiments were designed to compare additively manufactured Ti6Al4V 

with homogeneous, grid, and line surface structures. These experiments consisted 

of 60 cycles, with unloading after every 20 cycles to simulate joint relief. The line structures 

were oriented parallel to the direction of motion, while the grid structures were aligned 

consistently to ensure meaningful comparison. The loading force was kept uniform for all 

variants, and the midpoint of the one-way motion was selected as the most suitable location 

for evaluating film thickness and fluorescence behaviour because this region was not 

affected by dead-end artefacts. 

Article 2 focused on the effects of laser-produced microtextures on lubrication 

and friction. In this case, the experiments were also derived from 1st MTP joint kinematics, 

but the main variable was the texture geometry rather than the bulk material alone. 

The experiments were carried out under fully flooded conditions, and the texturing design 

was chosen to reveal how texture depth and subsequent electrochemical smoothing influence 

the formation of the lubrication film. This article, therefore, represents a separate 

methodological branch of the dissertation, because it introduced an intentionally 

manufactured deterministic surface modification, unlike the built-in structures created 

directly during additive manufacturing in Articles 3 and 4. 

Article 4 represented the final and most complex phase of the dissertation. The long-term 

wear tests were performed at a stroke of 20 mm, relative speed of 40 mm/s, and load of 2 N, 

corresponding to a contact pressure of approximately 3.5 MPa. The tests were carried out 

at 100,000, 200,000, and 300,000 cycles. In parallel, mid-term fluorescence microscopy 

experiments were performed for 1000 cycles, which was the maximum duration possible 

before critical wear of the PMMA counterpart made further optical evaluation unreliable. 

The same study also included a post-test evaluation of volume loss, wear rate, surface 

topography, and detailed SEM/EDS/FIB/STEM analysis of the worn pins, enabling 

a relationship between tribological behaviour and microstructural and chemical changes 

beneath the worn surface. 

4.4 Experimental data collection and evaluation 

Throughout this work, the collected data were evaluated according to the main objective 

of each experimental stage. The coefficient of friction was continuously recorded 

and subsequently processed, excluding the dead-end regions of the cycle. In colourimetric 

interferometry, film thickness was obtained from interferograms using calibration curves 

and custom evaluation software. In fluorescence microscopy, two complementary 

approaches were used: evaluation of the area covered by the M-SF constituents 
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and evaluation of the fluorescence intensity inside the contact area. In Article 3, 

the fluorescence analysis focused on albumin, whereas in Article 4, the same principle was 

extended to albumin, γ-globulin, and hyaluronic acid. For structured samples, regions 

corresponding to surface structures were excluded from fluorescence evaluation using 

a calibration image to prevent quantification of M-SF constituents retained within 

the structures themselves. The fluorescence images in the final study were processed using 

Andor Solis software and subsequently evaluated in MATLAB. 

The number of repetitions was selected based on the type and duration of the experiment. 

Measurements of lubrication film thickness, friction, and fluorescence-based behaviour 

of M-SF constituents were generally repeated three times for each configuration to verify 

repeatability and reduce the influence of random fluctuations typical of biotribological 

systems. Long-term wear tests were more time-consuming and experimentally demanding 

and were therefore repeated at two independent stations of the wear simulator, which still 

enabled direct comparison and a reliable assessment of the dominant wear mechanisms. 

This strategy provided a compromise between practical feasibility and sufficient robustness 

of the obtained results. 

Methodologically, it is also important to note that the chosen experimental design 

deliberately combines simplification and gradual validation. The pin-on-plate geometry, 

the use of glass and PMMA transparent counterparts, and the use of optical observation 

methods do not fully reproduce the conformity and pressure distribution of a real implant. 

On the other hand, these simplifications enabled direct observation of mechanisms 

that would otherwise stay hidden, such as film formation, retention of synovial fluid 

constituents, and the influence of surface structures on local lubrication behaviour. The final 

long-term experiments on the Ti6Al4V/UHMWPE and CoCr30Mo6/UHMWPE pairs were 

therefore conceived as a complementary validation step, linking the mechanistic 

observations from the earlier articles with more realistic wear behaviour. 
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This chapter traces the systematic progression of the research, which is comprehensively 

documented through four peer-reviewed scientific papers introduced at the beginning 

of the chapter and included in the Attachments. Conducted chronologically, each study built 

upon the conceptual and experimental foundations established by the preceding studies, 

enabling a gradual refinement of methodologies, hypotheses, and interpretations. 

This iterative approach not only strengthened the overall unity of the research but also 

provided valuable insights into the complex mechanisms governing the studied contact pair, 

ultimately intending to improve its tribological performance and advance artificial joint 

technology. 

5.1 Article overview 

2023 

 

Tribological Behaviour of Ti6Al4V Alloy:  

An Application in Small Joint Implants [134] 

Lukáš Odehnal, Matúš Ranuša, Martin Vrbka, Ivan Křupka, Martin Hartl 

Author's contribution 

Journal Impact Factor 

JIF/AIS Quartile 

Citations: WoS/Scopus (03/2026) 

58% 

2.9 

Q2/Q2 

10/10 

2025

 

Effect of Surface Texturing on Friction and Lubrication of Ti6Al4V  

Biomaterials for Joint Implants [135] 

Matúš Ranuša, Lukáš Odehnal, Ondřej Kučera, David Nečas, Martin Hartl, 

Ivan Křupka, Martin Vrbka 

Author's contribution 

Journal Impact Factor 

JIF/AIS Quartile 

Citations: WoS/Scopus (03/2026) 

20% 

3.3* 

Q2/Q2* 

8/9 

2025

 

Tribological Behaviour of Additively Manufactured Ti6Al4V with Controlled 

Surface Structure: An Application in Small Joint Implants [136] 

Lukáš Odehnal, Matúš Ranuša, Martin Malý, Ivan Křupka, Daniel Koutný,  

Martin Hartl, Martin Vrbka 

Author's contribution 

Journal Impact Factor 

JIF/AIS Quartile 

Citations: WoS/Scopus (03/2026) 

55% 

6.9* 

Q1/Q1* 

7/7 

2025

 

Additively manufactured Ti6Al4V with controlled surface Structure as a Potential 

Material for Joint Implants: Long-Term Wear Performance and Durability [137] 

Lukáš Odehnal, Matúš Ranuša, Pavel Čípek, Martin Malý, Veronika Mazánová,  

Antonín Dlouhý, Daniel Koutný, Martin Hartl, Martin Vrbka 

Author's contribution 

Journal Impact Factor 

JIF/AIS Quartile 

Citations: WoS/Scopus (03/2026) 

55% 

6.9* 

Q1/Q1* 

1/1 

*The metrics listed are for the year 2024, as they have not yet been published for 2025 
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5.2 Summary of the Main Findings 

The present research was motivated by a fundamental contradiction associated 

with the Ti6Al4V alloy in orthopaedic applications. On the one hand, Ti6Al4V offers 

a combination of excellent biocompatibility, corrosion resistance, and a modulus 

of elasticity that is considerably closer to that of cortical bone than that of conventional 

CoCr-based alloys, making it highly attractive for implant fixation and patient-specific, 

additively manufactured implant designs. On the other hand, its use as a frictional material 

remains limited by its insufficient tribological performance in boundary and mixed 

lubrication regimes typical of joint arthroplasty. The four studies included in this thesis, 

therefore, followed a logical progression. The first aimed to identify the governing limitation 

of conventionally manufactured Ti6Al4V, the second to determine whether this limitation 

could be mitigated by targeted surface texturing and finishing, the third to investigate 

whether additive manufacturing could integrate beneficial surface structures directly 

into the material, and the fourth to verify whether the resulting advantages remain relevant 

under extended long-term wear experiments. 

The initial study [134] established the baseline behaviour of conventionally 

manufactured Ti6Al4V alloy under simulated small joint conditions. The experimental 

system used a pin-on-plate configuration with a transparent glass plate, facilitating 

simultaneous friction measurement and in situ observation of the contact zone 

via colourimetric interferometry. The experimental tests were conducted in a model synovial 

fluid containing albumin, γ-globulin, hyaluronic acid, and phospholipids. This ensured 

that the principal constituents and rheological behaviour of natural synovial fluid were 

replicated. Although Ti6Al4V produced a thicker lubricant film than CoCr30Mo6 at low 

speed, the achieved film thickness remained insufficient relative to its roughness. 

At 20 mm/s and at the 30th cycle, the film thickness at the evaluated point was about 15 nm 

for CoCr30Mo6 and about 55 nm for Ti6Al4V, but the 95% separation thresholds were 

approximately 35 nm for CoCr30Mo6 and 110 nm for Ti6Al4V. As a result, Ti6Al4V did 

not achieve stable separation of the contact pair. At 40 mm/s, full or near-full separation was 

observed only for CoCr30Mo6, whereas Ti6Al4V again failed to maintain a sufficiently 

thick film. This insufficient separation was directly reflected in wear. For CoCr30Mo6 

at 40 mm/s, no visible wear was observed on any of the pins, whereas Ti6Al4V at the same 

speed developed pronounced grooves with central depths of 583, 437, and 984 nm 

for the three pins. Even at 20 mm/s, Ti6Al4V showed deeper and less regular wear scars 

than CoCr30Mo6, showing a transition toward three-body abrasion. At the same time, 

the friction coefficients of both alloys were comparable and stabilised around 0.4, indicating 

that, in this system, friction alone was not a sufficient indicator of damage severity. The key 

conclusion of the baseline study was therefore not that Ti6Al4V is chemically unsuitable, 



 

50                                                                   5 Results and Discussion of Hypotheses 

 

but that its conventionally prepared surface does not provide the topography required 

for stable lubrication conditions. 

The second phase [135] of the work demonstrated that this limitation can be mitigated 

by targeted surface engineering. For polished CoCr30Mo6, the reference film thickness was 

39 ± 11 nm, and a shallow 0.4 µm texture increased it to 50 ± 12 nm. In contrast, Ti6Al4V 

responded much more strongly to texturing: for shallow textures of 0.4 and 1 µm after 

electrochemical finishing, the measured lubricating film thickness reached 310–320 nm, 

whereas the untextured reference after finishing remained around 60 nm. This shows that 

the main benefit of texturing was not a marginal shift but a pronounced increase in film 

thickness, moving the system from partial to effective separation. The same study also 

clarified that higher friction after texturing did not necessarily indicate worse tribological 

behaviour. The polished CoCr30Mo6 reference exhibited a CoF of 0.50 ± 0.02. The polished 

Ti6Al4V reference was markedly lower, 0.32 ± 0.01, but texturing increased the CoF  

by 28–118%, with the 6 µm texture reaching 0.71 ± 0.02. After DLyte finishing, the Ti6Al4V 

reference increased from 0.32 to 0.47, while most textured samples changed only slightly. 

In this case, the increase in friction corresponded to stronger protein accumulation and shear 

within the contact, not to a deterioration in lubrication quality. Importantly, electrochemical 

finishing reduced rim height by 53–80%, which was essential because untreated rims 

promoted local collisions with the glass and increased the risk of abrasive damage. 

The third phase [136] of the research moved from post-processed conventional material 

to additively manufactured Ti6Al4V with built-in surface structures. Among the tested 

variants, the grid-structured surface produced the most promising behaviour. Its friction 

stabilised at approximately 0.43, which was essentially the same as the homogeneous 

surface, whereas the line-structured surface stabilised at a higher value of about 0.48. 

More importantly, only the grid structure showed recovery of the lubrication film after 

unloading. This was accompanied by a temporary reduction in CoF from about 0.43 to about 

0.38 at the start of the second phase, which supports the interpretation that the structured 

surface improved short-term reformation of the lubrication film. Fluorescence microscopy 

further showed that the grid structure retained a higher and more stable amount of albumin 

in the contact zone than the homogeneous or line-structured surfaces. After 60 cycles, 

virtually no wear was observed on the grid-structured surface, whereas the homogeneous 

surface already showed visible grooves and material pile-up. 

The final phase of the work [137] verified whether these short-term advantages were 

relevant under extended wear conditions. In long-term tests performed at 100,000, 200,000, 

and 300,000 cycles, corresponding to 4, 8, and 12 km, the UHMWPE wear rate 

against additively manufactured Ti6Al4V remained nearly constant at 1.1033, 1.1148, 

and 1.0475 × 10⁻⁶ mm³/Nm, respectively. For CoCr30Mo6, the corresponding wear rates 

were higher at every stage: 2.6374, 1.6769, and 1.2562 × 10⁻⁶ mm³/Nm. Thus, the additively 

manufactured Ti6Al4V surface not only reduced total UHMWPE volume loss but also 
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suppressed the pronounced running-in wear observed for CoCr30Mo6 in the first 100,000 

cycles. The metallic pins showed the same trend: CoCr30Mo6 developed larger, deeper wear 

areas, whereas Ti6Al4V exhibited only shallow, localised grooves. Fluorescence 

microscopy in the long-term study also explained why the additively manufactured surface 

performed better, and for Ti6Al4V, a relatively stable regime of constituent retention 

persisted for approximately 400–500 cycles, whereas CoCr30Mo6 flushed the model 

synovial fluid components out of the contact much more rapidly. The Ti6Al4V structures 

repeatedly accumulated albumin, γ-globulin, and hyaluronic acid and then released them 

back into the contact area, effectively functioning as local lubricant reservoirs. In parallel, 

the coefficient of friction for Ti6Al4V increased only during the initial ~400 cycles, 

then stabilised, whereas the CoCr30Mo6 friction continued to increase throughout 

the experiment. These observations show that the advantage of the structured Ti6Al4V 

surface was not only lower wear, but also more stable lubricant support over time. Post-test 

microstructural analysis supported this interpretation. In Ti6Al4V, STEM/EDS revealed 

an approximately 35 nm thick amorphous surface oxide and a subsurface nanograin layer 

with an average width of about 200 nm. This tribologically transformed zone near 

the surface, together with the structured topography covered by oxide, likely contributed 

to the more stable wear response of the additively manufactured alloy. Unlike CoCr30Mo6, 

which showed more severe scratching and higher initial wear, the Ti6Al4V surface 

combined structural retention of lubricant with a mechanically and chemically stabilised 

near-surface layer. 

Taken together, the four studies show a clear progression in mechanism 

and performance. Conventionally manufactured Ti6Al4V failed primarily because 

the formed film thickness was insufficient relative to surface roughness, leading to asperity 

contact and groove formation. Surface texturing and electrochemical finishing increased film 

thickness from roughly tens of nanometres to more than 300 nm in the best Ti6Al4V 

configurations, demonstrating that the main limitation was surface design rather than 

the alloy itself. Additive manufacturing then extended this concept via integrating functional 

structures directly into the surface, enabling not only the trapping of proteins but also 

the regeneration of the lubrication film after unloading and the reduction of wear over 

long sliding distances. Overall, the work shows that Ti6Al4V can be transformed from 

a biocompatible but tribologically limited alloy into a functionally optimised articulating 

material when its surface topography and condition beneath the surface are deliberately 

designed to support lubrication. 

5.2.1 Comparative Summary of the Key Results 

The Tab. 5-1 summarises the key quantitative results obtained in this thesis and presents 

them in a comparative form. Cells marked with a dash indicate that the given parameter was 

not directly measured or observed in the respective article. 



 

52                                                                   5 Results and Discussion of Hypotheses 

 

T
a
b
. 

5
-1

 S
u
m

m
a
ry

 o
f 

th
e 

ke
y 

R
es

u
lt

s.
 

 
L

u
b

ri
ca

ti
o

n
 f

il
m

 t
h

ic
k

n
e
ss

 

~
2

0
 n

m
 (

2
0

 m
m

/s
);

 ~
5

5
 n

m
 (

4
0

 m
m

/s
).

 S
ep

ar
at

io
n
 t

h
re

sh
o

ld
 f

ro
m

 r
o

u
g

h
n

es
s:

 

9
9

%
 ≈

 4
5
 n

m
. 

O
n

ly
 t

h
e 

4
0

 m
m

/s
 c

o
n

d
it

io
n

 a
ch

ie
v

ed
 s

ep
ar

at
io

n
. 

~
7

5
 n

m
 (

2
0

 m
m

/s
);

 ~
6

5
 n

m
 (

4
0

 m
m

/s
).

 S
ep

ar
at

io
n
 t

h
re

sh
o

ld
: 

9
9

%
 ≈

 1
6
0

 n
m

; 
 

fu
ll

 s
ep

ar
at

io
n

 w
as

 n
o

t 
ac

h
ie

v
ed

. 

0
.4

 μ
m

: 
5

0
 ±

 1
2
 n

m
; 

1
 μ

m
: 

lo
ca

l 
ri

se
 t

o
 ~

2
0

0
 n

m
, 

la
te

r 
>

2
0

0
 n

m
. 

D
ee

p
er

  

te
x

tu
re

s 
co

u
ld

 n
o

t 
b

e 
re

li
ab

ly
 e

v
al

u
at

ed
 b

ec
au

se
 r

im
s 

sc
ra

tc
h

ed
 t

h
e 

g
la

ss
. 

N
o

t 
re

li
ab

ly
 e

v
al

u
ab

le
 a

ft
er

 D
L

y
te

. 

T
ex

tu
re

d
 s

u
rf

ac
es

: 
sh

al
lo

w
 t

ex
tu

re
s 

(0
.4

–
1

 μ
m

) 
g

av
e 

~
3

1
0

–
3
2

0
 n

m
; 

d
ee

p
er

 t
ex

tu
re

s 
st

il
l 

sh
o

w
ed

 >
2

3
0

 n
m

, 
b
u

t 
ri

m
 c

o
n

ta
ct

 r
em

ai
n

ed
 a

n
 i

ss
u

e.
 

A
ll

 t
ex

tu
re

s 
sh

o
w

ed
 f

il
m

 t
h

ic
k
n

es
s 

>
1

8
0

 n
m

; 
th

e 
b

es
t 

v
al

u
es

 f
o

r 
0

.4
–

4
 μ

m
  

w
er

e 
2

8
0
–

3
2
1

 n
m

; 
at

 6
 μ

m
, 

th
e 

fi
lm

 t
h

ic
k

n
es

s 
d

ec
re

as
ed

 t
o

 ~
1

8
0

 n
m

. 

T
h

e 
fi

lm
 w

as
 d

is
ru

p
te

d
 d

u
ri

n
g
 t

h
e 

ex
p

er
im

en
t;

 n
o

 d
u

ra
b

le
 r

ec
o

v
er

y
 a

ft
er

 

u
n

lo
ad

in
g

. 
 

T
h

e 
fi

lm
 w

as
 d

is
ru

p
te

d
, 
b

u
t 

af
te

r 
th

e 
fi

rs
t 

u
n

lo
ad

in
g

, 
th

er
e 

w
as

  

a 
te

m
p

o
ra

ry
 r

es
to

ra
ti

o
n

 a
n

d
 m

o
m

en
ta

ry
 r

e
-s

ep
ar

at
io

n
 o

f 
th

e 
p

ai
r.

 

L
o

w
er

 f
il

m
 t

h
ic

k
n

es
s 

th
an

 h
o
m

o
g

en
eo

u
s/

g
ri

d
; 

n
o

 m
ea

n
in

g
fu

l 
 

p
o

st
-u

n
lo

ad
in

g
 r

ec
o

v
er

y
. 

–
–

–
 

–
–

–
 

–
–

–
 

–
–

–
 

C
o

ef
fi

ci
en

t 
o

f 
fr

ic
ti

o
n

 

S
ta

b
il

is
ed

 a
t 

~
0

.4
, 

a 
d

ec
re

as
e 

o
cc

u
rr

ed
  

af
te

r 
re

h
y
d

ra
ti

o
n
, 

la
st

in
g

 o
n

ly
 o

n
e 

cy
cl

e.
 

S
ta

b
il

is
ed

 a
t 

~
0

.4
; 

sl
ig

h
t 

tr
an

si
en

t 
d

ec
re

as
e 

af
te

r 
re

h
y
d

ra
ti

o
n
 a

t 
4

0
 m

m
/s

. 

0
.5

 (
R

E
F

);
 0

.3
3

 (
0

.4
 µ

m
);

 0
.5

2
 (

1
 µ

m
);

  

0
.5

9
 (

2
 µ

m
);

 0
.5

5
 (

4
 µ

m
);

 0
.4

7
 (

6
 µ

m
) 

0
.5

5
 (

R
E

F
);

 0
.4

 (
0

.4
 µ

m
);

  
0

.4
 (

1
 µ

m
);

  

0
.3

4
 (

2
 µ

m
);

  
0

.5
7

 (
4

 µ
m

);
 0

.2
9

 (
6

 µ
m

) 

0
.3

2
 (

R
E

F
);

 0
.4

1
 (

0
.4

 µ
m

);
 0

.5
 (

1
 µ

m
);

  

0
.4

9
 (

2
 µ

m
);

 0
.5

3
 (

4
 µ

m
);

 0
.7

1
 (

6
 µ

m
) 

0
.4

7
 (

R
E

F
);

 0
.4

9
 (

0
.4

 µ
m

);
 0

.6
 (

1
 µ

m
);

  

0
.5

 (
2

 µ
m

);
 0

.5
6

 (
4

 µ
m

);
 0

.6
2

 (
6

 µ
m

) 

S
ta

b
il

is
ed

 a
t 

~
0

.4
3

. 

S
ta

b
il

is
ed

 a
t 

~
0

.4
3

; 
af

te
r 

u
n

lo
ad

in
g

, 
  
  

C
o

F
 t

em
p

o
ra

ri
ly

 d
ec

re
as

ed
 t

o
 ~

0
.3

8
. 

S
ta

b
il

is
ed

 a
t 

~
0

.4
8

. 

–
–

–
 

C
o

F
 i

n
cr

ea
se

d
 c

o
n

ti
n

u
o
u

sl
y

 t
h
ro

u
g
h

o
u

t 
 

th
e 

en
ti

re
 e

x
p

er
im

en
t,

 r
ea

ch
in

g
 0

.4
5

. 

–
–

–
 

C
o

F
 s

ta
b

il
is

ed
 s

h
o

rt
ly

 a
ft

er
 t

h
e 

b
eg

in
n

in
g

  

o
f 

th
e 

ex
p

er
im

en
t 

at
 ~

0
.3

8
. 

M
a

te
r
ia

l 
c
o

m
b

in
a

ti
o

n
 

C
M

 C
o

C
r3

0
M

o
6

 /
 G

la
ss

 

C
M

 T
i6

A
l4

V
 /

 G
la

ss
 

C
M

 C
o

C
r3

0
M

o
6

 /
 G

la
ss

  
  

  
  

  
  

  
  

 

(t
ex

tu
re

d
) 

C
M

 C
o

C
r3

0
M

o
6

 /
 G

la
ss

  
  

  
  

  
  

  
  

  
  

 

(t
ex

tu
re

d
 +

 D
L

y
te

) 

C
M

 T
i6

A
l4

V
 /

 G
la

ss
  

  
  

  
  

  
  

  
  

  
  

 

(t
ex

tu
re

d
) 

C
M

 T
i6

A
l4

V
 /

 G
la

ss
  

  
  

  
  

  
  

  
  

  
  

  
  

  

(t
ex

tu
re

d
 +

 D
L

y
te

) 

A
M

 T
i6

A
l4

V
 /

 G
la

ss
  

(h
o

m
o
g

en
eo

u
s 

su
rf

ac
e)

 

A
M

 T
i6

A
l4

V
 /

 G
la

ss
 

(g
ri

d
 s

tr
u

ct
u
re

) 

A
M

 T
i6

A
l4

V
  

/ 
G

la
ss

 

(l
in

e 
st

ru
ct

u
re

) 

C
M

 C
o

C
r3

0
M

o
6

 /
 U

H
M

W
P

E
 

C
M

 C
o

C
r3

0
M

o
6

 /
 P

M
M

A
 

A
M

 T
i6

A
l4

V
 /

 U
H

M
W

P
E

 

(g
ri

d
 s

tr
u

ct
u
re

) 

A
M

 T
i6

A
l4

V
 /

 P
M

M
A

 

(g
ri

d
 s

tr
u

ct
u
re

) 

A
rt

ic
le

 

1
 

2
 

3
 

4
 



 

5 Results and Discussion of Hypotheses                                                                              53 

 

T
a
b
. 

5
-1

 S
u
m

m
a
ry

 o
f 

th
e 

ke
y 

R
es

u
lt

s 
(c

o
n
ti

n
u
a
ti

o
n
).

 

 
W

ea
r 

/ 
S

u
rf

a
ce

 d
a

m
a

g
e
 

A
t 

2
0

 m
m

/s
, 

re
g
u

la
r 

o
v

al
 w

ea
r 

sc
ar

s 
fo

rm
ed

; 
at

 4
0

 m
m

/s
, 

 

w
ea

r 
w

as
 n

o
t 

v
is

ib
le

. 

D
ee

p
er

 s
ep

ar
at

ed
 g

ro
o
v

es
 (

d
ep

th
 o

f 
5

8
3
, 

4
3
7

, 
an

d
 9

8
4

 n
m

) 
 

an
d

 t
h

re
e-

b
o
d

y
 a

b
ra

si
o

n
. 

 

D
ee

p
er

 t
ex

tu
re

s 
ca

u
se

d
 s

cr
at

ch
es

 a
n

d
 d

am
ag

e 
  

  
  

  
  
  

  
  
  

 

to
 t

h
e 

C
r 

la
y

er
 o

n
 t

h
e 

g
la

ss
. 

S
ev

er
e 

su
rf

ac
e 

d
am

ag
e;

 p
o

st
-D

L
y

te
 c

o
lo

u
ri

m
et

ri
c 

 

in
te

rf
er

o
m

et
ry

 r
es

u
lt

s 
w

er
e 

n
o
t 

ev
al

u
at

ed
. 

N
o

n
-v

is
ib

le
 s

ig
n

s 
fo

r 
0

.4
 µ

m
 t

ex
tu

re
, 

o
th

er
 t

ex
tu

re
s 

  
  
 

(t
h

ei
r 

ri
m

s)
 c

au
se

d
 s

cr
at

ch
es

. 

N
o

n
-v

is
ib

le
 s

ig
n

s 
o

f 
w

ea
r 

as
 t

ex
tu

re
s 

+
 D

L
y

te
, 

  
  

  
  

 

ca
u

se
d

 a
 f

u
ll

 s
ep

ar
at

io
n

 o
f 

su
rf

ac
es

. 

W
ea

r 
w

as
 i

m
p

ro
v

ed
 c

o
m

p
ar

ed
 w

it
h

 C
M

 T
i6

A
l4

V
, 

  
  

  
  
 

b
u

t 
w

as
 t

h
e 

m
o

st
 v

is
ib

le
 a

m
o

n
g

 t
h

e 
A

M
 s

am
p

le
s.

 

N
o

 w
ea

r 
ar

ea
 w

as
 f

o
u
n

d
; 

re
le

as
ed

 p
ar

ti
cl

es
 w

er
e 

  
  

o
b

se
rv

ed
 m

o
v

in
g

 i
n

 d
im

p
le

s,
 i

n
d

ic
at

in
g

 t
ra

p
p

in
g

 a
b

il
it

y
. 

S
li

g
h

t 
ce

n
tr

al
 d

ef
o
rm

at
io

n
 o

n
ly

, 
b

u
t 

tr
ib

o
lo

g
ic

al
ly

  
  

  

w
o

rs
e 

th
an

 t
h

e 
g
ri

d
 s

tr
u

ct
u
re

. 

U
H

M
W

P
E

 v
o

lu
m

e 
lo

ss
 w

as
 h

ig
h

er
 t

h
an

 a
g

ai
n

st
 A

M
 

T
i6

A
l4

V
; 

C
o

C
r3

0
M

o
6

 s
h

o
w

ed
 s

ig
n

if
ic

an
t 

in
it

ia
l 

w
ea

r.
 

–
–

–
 

L
o

w
er

 U
H

M
W

P
E

 v
o

lu
m

e 
lo

ss
 a

n
d

 m
o

re
 c

o
n

si
st

en
t 

w
ea

r 
 

th
an

 C
o

C
r3

0
M

o
6

. 
O

n
ly

 a
 f

ew
 s

h
al

lo
w

 g
ro

o
v

es
 (

T
i6

A
l4

V
).

 

–
–

–
 

M
-S

F
 c

o
n

st
it

u
en

ts
 b

eh
a

v
io

u
r
 

P
A

L
 i

n
le

t 
ag

g
re

g
at

io
n
 o

cc
u

rr
ed

 o
n

ly
  
  

  
  
  

  
  
  

ra
n

d
o

m
ly

 /
 u

n
d

er
 s

p
ec

if
ic

 c
o

n
d

it
io

n
s.

 

O
v

er
al

l,
 h

ig
h

er
 p

ro
te

in
 p

re
se

n
ce

 i
n

 c
o

n
ta

ct
, 

  
  

  
  
  

  
  
  

  
  
 

b
u

t 
n

o
n

-v
is

ib
le

 P
A

L
 b

eh
av

io
u
r.

 

–
–

–
 

–
–

–
 

–
–

–
 

–
–

–
 

T
h

e 
b

eh
av

io
u

r 
o

f 
al

b
u

m
in

 w
as

 u
n

st
ab

le
; 

p
ro

te
in

 c
lu

st
er

s 

p
as

se
d

 t
h

ro
u

g
h

 t
h

e 
co

n
ta

ct
 a

n
d

 d
id

 n
o

t 
re

m
ai

n
 t

h
er

e.
 

H
ig

h
es

t 
al

b
u

m
in

 r
et

en
ti

o
n

; 
p

ro
te

in
 a

m
o

u
n

t 
in

cr
ea

se
d

 a
b

o
v

e 

th
e 

o
ri

g
in

al
 v

al
u

e 
an

d
 r

em
ai

n
ed

 s
ta

b
le

 t
h

ro
u
g

h
 a

 c
y

cl
e.

 

T
h

e 
al

b
u

m
in

 a
m

o
u
n

t 
re

m
ai

n
ed

 b
el

o
w

 t
h

e 
o

ri
g

in
al

 v
al

u
e
, 
 

th
e 

w
o

rs
t 

b
eh

av
io

u
r 

am
o

n
g
 A

M
 s

tr
u

ct
u

re
s.

 

–
–

–
 

A
 s

u
b

st
an

ti
al

 p
o

rt
io

n
 o

f 
M

-S
F

 c
o

n
st

it
u

en
ts

 w
as

 r
ap

id
ly

 

fl
u

sh
ed

 o
u

t 
fr

o
m

 t
h

e 
co

n
ta

ct
 a

re
a.

 

–
–

–
 

T
h

e 
st

ab
le

 r
eg

io
n
 f

o
r 

ab
o
u

t 
5

0
0

 c
y

cl
es

, 
w

it
h

 b
et

te
r 

re
te

n
ti

o
n

 

o
f 

M
-S

F
 c

o
n

st
it

u
en

ts
 t

h
an

 C
o
C

r3
0

M
o

6
. 

M
a

te
r
ia

l 
c
o

m
b

in
a

ti
o

n
 

C
M

 C
o

C
r3

0
M

o
6

 /
 G

la
ss

 

C
M

 T
i6

A
l4

V
 /

 G
la

ss
 

C
M

 C
o

C
r3

0
M

o
6

 /
 G

la
ss

  
  

  
  

  
  

  
  

 

(t
ex

tu
re

d
) 

C
M

 C
o

C
r3

0
M

o
6

 /
 G

la
ss

  
  

  
  

  
  

  
  

  
  

 

(t
ex

tu
re

d
 +

 D
L

y
te

) 

C
M

 T
i6

A
l4

V
 /

 G
la

ss
  

  
  

  
  

  
  

  
  

  
  

 

(t
ex

tu
re

d
) 

C
M

 T
i6

A
l4

V
 /

 G
la

ss
  

  
  

  
  

  
  

  
  

  
  

  
  

  

(t
ex

tu
re

d
 +

 D
L

y
te

) 

A
M

 T
i6

A
l4

V
 /

 G
la

ss
  

(h
o

m
o
g

en
eo

u
s 

su
rf

ac
e)

 

A
M

 T
i6

A
l4

V
 /

 G
la

ss
 

(g
ri

d
 s

tr
u

ct
u
re

) 

A
M

 T
i6

A
l4

V
  

/ 
G

la
ss

 

(l
in

e 
st

ru
ct

u
re

) 

C
M

 C
o

C
r3

0
M

o
6

 /
 U

H
M

W
P

E
 

C
M

 C
o

C
r3

0
M

o
6

 /
 P

M
M

A
 

A
M

 T
i6

A
l4

V
 /

 U
H

M
W

P
E

 

(g
ri

d
 s

tr
u

ct
u
re

) 

A
M

 T
i6

A
l4

V
 /

 P
M

M
A

 

(g
ri

d
 s

tr
u

ct
u
re

) 

A
rt

ic
le

 

1
 

2
 

3
 

4
 



 

54                                                                   5 Results and Discussion of Hypotheses 

 

5.3 Verification and Discussion of Hypotheses 

Following the formulation of the scientific questions and hypotheses in Chapter 3.2, 

their verification is presented below based on the experimental results obtained 

in the individual studies. The evaluation is not limited to a simple confirmed/unconfirmed 

statement, but instead reflects the actual degree to which the measured tribological behaviour 

supported the original expectations. 

5.3.1 Hypotheses 1 

The conventionally manufactured CoCr30Mo6 alloy is expected to exhibit lower 

friction and wear than Ti6Al4V under simulated small joint conditions. This behaviour 

is hypothesised to result primarily from its higher hardness, greater chemical stability, 

and better ability to preserve stable lubrication conditions under physiological loading. 

Although the conventional CoCr30Mo6 alloy showed clearly better wear performance 

and more effective contact separation than Ti6Al4V under the tested small joint conditions, 

the expected reduction in friction was not confirmed. In all configurations, the coefficient 

of friction stabilised at approximately 0.4 after the initial running-in phase. In contrast, 

the wear results supported the hypothesis. At 20 mm/s, CoCr30Mo6 showed shallower wear 

scars, with central depths of 81–92 nm, whereas Ti6Al4V reached 127–203 nm in two 

of the three pins. At 40 mm/s, the difference became much more pronounced: 

all CoCr30Mo6 pins showed non-visible signs of wear, while Ti6Al4V exhibited 

pronounced wear scars with central depths of 437–984 nm. Similarly, only the CoCr30Mo6 

configuration at 40 mm/s generated a lubrication film sufficient to separate the contact pair, 

while Ti6Al4V, despite producing a numerically thicker film, failed to overcome its higher 

surface roughness. 

Therefore, the hypothesis is only partially verified, as the expected frictional 

performance was not observed. However, it was supported for wear resistance and effective 

lubrication, particularly at 40 mm/s, where CoCr30Mo6 achieved contact separation 

and prevented measurable wear. 

5.3.2 Hypotheses 2 

It is hypothesised that a controlled surface structure on additively manufactured 

Ti6Al4V will reduce friction and wear and improve running-in stability compared 

with the as-built surface under comparable loading and kinematic conditions. 

This improvement is expected to result from reduced real contact area and more stable 

lubrication conditions promoted by the surface structure.  
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Grid structure – verified. Although the grid-structured additively manufactured 

Ti6Al4V did not show a sustained reduction in friction compared with the homogeneous 

surface, it exhibited the most favourable overall tribological behaviour under the tested 

conditions (1 N, 20 mm stroke, 20 mm/s, 60 cycles). The coefficient of friction stabilised 

at approximately 0.43, i.e., a value comparable to that of the homogeneous surface. 

However, after the first unloading phase, it temporarily decreased from about 0.43 to 0.38, 

an effect not observed for the other surfaces. More importantly, the grid structure was 

the only surface that restored the lubrication film after unloading, indicating improved 

lubrication stability. Fluorescence microscopy results also supported this. In addition, 

virtually no wear area was found on the grid structured sample after the experiment. 

Therefore, even though the part of the hypothesis related to friction was only partially 

supported, the grid structure clearly improved wear resistance and lubrication behaviour 

relative to the as-built surface. 

Line structure – falsified. The line-structured additively manufactured Ti6Al4V did 

not confirm the proposed hypothesis when compared with the homogeneous surface. 

Its coefficient of friction stabilised at approximately 0.48, which was the highest of all tested 

surfaces and clearly above the value of about 0.43 measured for the homogeneous 

and grid-structured samples. The results related to lubrication were also unfavourable: 

the line structure showed a notable reduction in lubrication film thickness, no restoration 

of the film after unloading, and poor protein retention. In the static fluorescence analysis, 

albumin coverage after the three phases reached only about 648, 744, and 1041 px, which 

was markedly lower than for the grid structure (2860, 3114, 2652). Moreover, during 

the representative analysis, the albumin value for the line structure remained below its initial 

value throughout the cycle, indicating unstable lubrication conditions. Although the wear 

damage was less pronounced than on the homogeneous sample, with only slight deformation 

in the middle of the contact area, this partial improvement is insufficient for verification, 

as the structure failed to reduce friction and did not improve lubrication stability. 

5.3.3 Hypotheses 3 

It is hypothesised that additively manufactured Ti6Al4V with a targeted grid surface 

structure will exhibit stable running-in and good wear resistance, but will not surpass 

conventionally manufactured CoCr30Mo6 in terms of friction and wear performance under 

comparable loading and kinematic conditions.  

This hypothesis was falsified. Although the additively manufactured Ti6Al4V alloy 

with a targeted grid surface structure exhibited stable running-in and good wear resistance, 

the prediction that it would not surpass conventionally manufactured CoCr30Mo6 in friction 

and wear performance was not confirmed. Under the applied conditions (20 mm stroke, 

40 mm/s, 2 N), the UHMWPE wear rate against Ti6Al4V remained nearly constant 



 

56                                                                   5 Results and Discussion of Hypotheses 

 

at 1.1033, 1.1148, and 1.0475 × 10⁻⁶ mm³/Nm after 100,000, 200,000, and 300,000 cycles, 

respectively, whereas the corresponding values for CoCr30Mo6 were consistently higher: 

2.6374, 1.6769, and 1.2562 × 10⁻⁶ mm³/Nm. This corresponds to approximately 58%, 34%, 

and 17% lower wear rates for the Ti6Al4V configuration. In addition, the total volumetric 

loss of UHMWPE was lower for Ti6Al4V, and after 300,000 cycles, the Ti6Al4V pins 

showed only shallow, localised grooves, while CoCr30Mo6 exhibited visibly deeper, larger 

wear areas. The results regarding friction also favoured Ti6Al4V: its coefficient of friction 

increased during the first approximately 400 cycles and then stabilised at about 0.35–0.38, 

whereas CoCr30Mo6 showed a continuous increase throughout the experiment, reaching 

approximately 0.45–0.50 by the end of the test. Fluorescence microscopy further showed 

more stable lubricant retention for Ti6Al4V, with a relatively stable region lasting about 

400–500 cycles. Therefore, while the first part of the hypothesis was supported, the overall 

hypothesis must be considered falsified, because the structured additively manufactured 

Ti6Al4V not only approached but, within this study, outperformed conventional 

CoCr30Mo6 in both wear and friction stability.  
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6.1 General Conclusions 

This dissertation systematically investigated the tribological behaviour of the Ti6Al4V 

alloy under simulated conditions for small joint arthroplasty, with emphasis on the role 

of surface design in contact lubricated by synovial fluid. The work progressed 

from conventionally manufactured Ti6Al4V, through surface texturing and electrochemical 

finishing, to additively manufactured Ti6Al4V with integrated functional surface structures. 

Taken together, the results show that the tribological limitations of Ti6Al4V are not 

determined by the bulk alloy alone, but mainly by the ability of its surface to support 

the formation, retention, and regeneration of a protein-rich lubricating film. Conventionally 

manufactured Ti6Al4V remained tribologically limited, whereas deliberately engineered 

AM surfaces showed substantially improved lubrication support and long-term wear 

behaviour. 

• Conventionally manufactured Ti6Al4V is not suitable as an untreated articulating 

surface for small joint implants. Its main limitation is insufficient functional separation 

of the contact, not simple chemical incompatibility with synovial fluid. 

• The tribological behaviour of Ti6Al4V is governed primarily by surface condition. 

The same alloy can perform poorly or favourably depending on whether the surface 

supports protein aggregation and stable film formation. 

• Surface texturing combined with electrochemical finishing significantly enhances 

the lubrication performance. In the best Ti6Al4V configurations, film thickness 

increased from about 60 nm on the reference surface to 280–321 nm on shallow textured 

and finished surfaces, clearly exceeding the scale of the surface irregularities. 

• The benefit of texturing is not universal, but dependent on geometry. Shallow textures 

were the most effective, whereas deeper or less regular features could locally reduce 

film thickness or increase interactions with edges. Proper control of texture depth, 

spacing, and surface finishing is therefore essential. 

• Additive manufacturing enables a qualitatively new approach to surface design. 

The functional structure can be integrated directly during fabrication, rather than added 

only as a post-processing step. In this work, the grid structure acted as a lubricant 

reservoir, promoted albumin retention, and enabled film regeneration after unloading. 

• The long-term superiority of AM Ti6Al4V was demonstrated by both lower wear 

and more stable wear evolution. Unlike CoCr30Mo6, which showed pronounced 

running-in wear, Ti6Al4V maintained an almost constant UHMWPE wear rate 

throughout the long-term test. 

• A stabilised near-surface structure supported the improved performance 

of AM Ti6Al4V. After testing, the material exhibited a nanograin subsurface layer 

of about 200 nm and an oxide layer of about 35 nm, both of which likely contributed 

to the stable wear response. 
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• The main scientific contribution of the dissertation is the demonstration that Ti6Al4V 

can be transformed from a biocompatible but tribologically limited alloy into 

a functionally optimised articulating material when its surface is deliberately engineered 

to support lubrication. This finding is relevant not only for small joint implants but also 

for the broader design of future additively manufactured orthopaedic surfaces. 

• Further optimisation is still required before direct clinical application. The remaining 

localised grooves and imperfections related to edges indicate that future work should 

focus on more precise control of structural geometry, AM parameters, and, possibly, 

hybrid surface treatments. 

In summary, this dissertation shows that tribological performance in small joint implant 

materials cannot be explained solely by bulk material selection. Instead, it is determined 

by the interaction between topography, near-surface structure, oxide chemistry, 

and synovial fluid constituents. Within this framework, additively manufactured Ti6Al4V 

with a targeted functional surface architecture represents a promising route towards implant 

surfaces with improved wear resistance, more stable lubrication, and enhanced long-term 

functional durability. 

6.2 Answers to the scientific questions 

6.2.1 Scientific Question 1 

How do conventionally manufactured CoCr30Mo6 and Ti6Al4V differ in tribological 

behaviour under simulated small joint implant conditions? 

Answer: Conventionally manufactured CoCr30Mo6 showed better functional 

tribological performance than conventionally manufactured Ti6Al4V. The decisive 

difference was not a markedly lower friction coefficient, but the ability of CoCr30Mo6 

to achieve effective contact separation and to suppress wear under the tested conditions. 

Evidence: Article 1 showed that Ti6Al4V could form a relatively thick lubricant film, 

but this film remained insufficient given its higher roughness. By contrast, CoCr30Mo6 was 

the only tested configuration to form a film thick enough to separate the contact pair 

at 40 mm/s, and it was also the only configuration without visible wear. At the same time, 

the friction values of both alloys were comparable (see Article 1: Fig. 3–5, and Fig. 7). 

Key quantitative results: CoCr30Mo6 had a lower initial roughness 

(Ra = 0.01 ± 0.005 µm) than Ti6Al4V (Ra = 0.04 ± 0.01 µm). The 95% probability 

of separated contact was 30–35 nm for CoCr30Mo6 and 100–113 nm for Ti6Al4V. 

At 40 mm/s, Ti6Al4V developed grooves with depths of 583 nm, 437 nm, and 984 nm, 

whereas CoCr30Mo6 showed non-visible signs of wear in the corresponding configuration. 
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6.2.2 Scientific Question 2 

How does a controlled surface structure affect the tribological behaviour of additively 

manufactured Ti6Al4V compared with the as-built surface under simulated joint conditions? 

Answer: A controlled surface structure improved the tribological behaviour 

of additively manufactured Ti6Al4V, but the effect was strongly geometry-dependent. 

Among the tested structures, the grid pattern showed the most favourable behaviour. 

Evidence: Article 3 showed that the grid structure retained the highest amount 

of albumin in the contact area, was the only structure that enabled lubrication film restoration 

after unloading, and exhibited the least wear after the experiment. In contrast, the line 

structure showed the lowest protein retention and the highest steady-state friction (see 

Article 3: Fig. 5–8, and Fig. 10). 

Key quantitative results: The coefficient of friction stabilised at approximately 0.43 

for the homogeneous and grid-structured surfaces, while the line structure stabilised 

at approximately 0.48. After unloading, the grid structure showed a temporary reduction 

in friction from approximately 0.43 to 0.38. The short-term tests lasted 60 cycles, and after 

this period, the grid structure showed virtually no wear, whereas the homogeneous sample 

exhibited visible grooves and material pile-up. 

6.2.3 Scientific Question 3 

How does additively manufactured Ti6Al4V with a targeted grid surface structure affect 

the long-term wear performance compared to the conventional CoCr30Mo6 alloy? 

Answer: Over the long term, the additively manufactured Ti6Al4V alloy 

with the targeted grid structure outperformed conventional CoCr30Mo6 in wear 

performance and in retaining synovial fluid constituents within the contact area. 

Evidence: Article 4 demonstrated lower UHMWPE wear against Ti6Al4V at all tested 

distances, a more stable wear-rate evolution, higher retention of model synovial-fluid 

constituents during fluorescence microscopy, and less severe damage on the Ti6Al4V pins 

after 300,000 cycles. Microstructural analysis further showed a nanograin near-surface layer 

and a stable oxide layer on Ti6Al4V, both of which likely contributed to this behaviour 

(see Article 4: Fig. 2, and Fig. 5–10). 

Key quantitative results: The UHMWPE wear rates against Ti6Al4V were 

1.1033 × 10⁻⁶, 1.1148 × 10⁻⁶, and 1.0475 × 10⁻⁶ mm³/Nm after 100,000, 200,000, 

and 300,000 cycles, respectively, while for CoCr30Mo6 the corresponding values were 

2.6374 × 10⁻⁶, 1.6769 × 10⁻⁶, and 1.2562 × 10⁻⁶ mm³/Nm. During fluorescence microscopy, 

Ti6Al4V showed a relatively stable region of constituent retention for approximately  
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400–500 cycles. The Ti6Al4V surface also exhibited a nanograin layer approximately 

200 nm thick and an oxide layer approximately 35 nm thick. 

6.3 Future Work 

The findings of this dissertation identify several research directions that can improve 

the understanding and tribological performance of additively manufactured small joint 

implants. The present work provides a systematic experimental evaluation of AM Ti6Al4V 

under tribological conditions representative of small joint arthroplasty. However, several 

aspects require further investigation before making broader preclinical conclusions. 

A key strategy for future research is a more detailed analysis of the relationship between 

additive manufacturing parameters, the resulting surface and subsurface microstructure, 

and the long-term tribological response under physiologically relevant lubrication 

conditions. In particular, the effects of build orientation, volumetric energy density, layer 

strategy, and post-processing routes, such as heat treatment or hot isostatic pressing, should 

be investigated on surface morphology, protein adsorption, boundary film formation, 

and tribocorrosion resistance. 

Further work should also focus on optimising the geometry and reproducibility 

of the beneficial AM surface structures identified in this dissertation. The present results 

show that not all surface morphologies provide the same tribological benefit, and that 

structured surfaces with favourable lubricant-retention capability may significantly improve 

lubrication and reduce wear. Future studies should therefore examine how geometric 

parameters, such as feature spacing, depth, edge definition, and manufacturing accuracy, 

affect lubrication stability, local stress concentrations, and long-term wear evolution. 

Another important step is to extend the current experimental framework towards more 

complex loading and motion conditions. These should better approximate the in vivo 

function of small joints. Incorporating multidirectional motion, variable load amplitudes, 

transient contact conditions, and interrupted boundary-lubrication regimes would provide 

a more realistic description of the mechanisms responsible for wear initiation, film 

breakdown, and surface adaptation during gait-related cycles. 

It would also be valuable to investigate the interaction of AM Ti6Al4V with a broader 

range of bearing materials relevant to orthopaedic applications, including advanced 

UHMWPE grades, PEEK-based polymers, and ceramic counterfaces. In addition, 

combining the inherent surface morphology created by additive manufacturing 

with controlled post-processing strategies, such as laser texturing, anodic oxidation, or thin 

protective coatings, may represent a promising route for further improving tribological 

performance while preserving structural integrity. 

An equally important future direction is the connection between tribological findings 

and biological response. For meaningful preclinical assessment, future studies should 
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include systematic evaluation of wear debris generation, metallic ion release, and their 

possible biological consequences. Such work should ideally be complemented by in vitro 

cell-based testing and, where appropriate, by preclinical animal studies in order to assess 

both the safety and the functional relevance of the proposed surface concepts. 

Although the experimental framework of this dissertation was primarily designed 

for small joint arthroplasty, the identified relationships between AM surface morphology, 

lubrication film formation, protein adsorption, and wear mechanisms are grounded in general 

tribological principles. For this reason, the methodological approach and some 

of the observed mechanisms may also be relevant to other orthopaedic applications, 

provided that differences in contact geometry, kinematics, loading regime, and lubrication 

environment are appropriately accounted for. 

6.4 Clinical and Medical Applicability 

The findings of this dissertation are relevant primarily to the preclinical design 

and optimisation of small joint implants, particularly for demanding applications such 

as the first metatarsophalangeal joint. Small joint arthroplasty operates under tribologically 

challenging conditions, including limited lubricant volume, relatively low sliding velocities, 

and predominantly boundary or mixed lubrication regimes. Under such conditions, implant 

performance is strongly influenced by surface integrity, the stability of the lubrication film, 

and the resistance of the articulating materials to wear. 

The present results show that the tribological response of Ti6Al4V cannot be considered 

solely as a basic material property, but must be understood in relation to the manufacturing 

route and the resulting surface morphology. While conventionally manufactured Ti6Al4V 

showed limited suitability under the tested conditions, additively manufactured surfaces with 

an appropriate structural morphology exhibited more favourable lubrication behaviour and, 

in selected configurations, improved long-term wear performance. This suggests that AM 

surface morphology may function not only as a consequence of the manufacturing process, 

but also as a functionally relevant tribological feature. 

From a preclinical design perspective, the ability of AM Ti6Al4V surfaces to support 

boundary film formation and lubricant retention is particularly important. These effects may 

contribute to more stable lubrication conditions and reduced direct surface interaction during 

articulation. In practical terms, such behaviour could help limit damage to the metallic 

component and reduce wear of the polymeric counterface, which is especially relevant 

in small joint systems where even moderate material degradation may compromise implant 

function. 

The results also support the wider concept that additive manufacturing may offer 

advantages beyond geometric customisation alone. In addition to enabling patient-specific 

implant design and more flexible control of contact geometry, AM may provide a route 
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towards customising surface morphology in a tribologically meaningful way. 

This combination of shape and functional optimisation is of considerable interest 

for the future development of orthopaedic implants operating in biologically demanding 

environments. 

At the same time, the present findings should be interpreted with appropriate caution. 

The experimental models used in this dissertation were designed to reveal tribological 

mechanisms under controlled laboratory conditions and do not directly simulate the full 

clinical situation. Therefore, the results should not be interpreted as direct evidence 

of clinical superiority or reduced revision risk. Rather, they provide mechanistically relevant 

knowledge of how additively manufactured Ti6Al4V surfaces may be designed and further 

developed for small joint applications. 

Overall, this dissertation supports the view that additive manufacturing has significant 

potential in orthopaedic implant development, not only from a structural and geometric 

standpoint, but also as a tool for influencing tribological performance. The presented 

findings may therefore assist implant designers, manufacturers, and clinical researchers 

in developing next generation small joint replacements with improved preclinical 

tribological characteristics and stronger justification for subsequent translational research. 
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Abstract
The presented study deals with the analysis of the tribological behaviour of the Ti6Al4V alloy manufactured conventionally. 
The study aimed to verify whether the titanium alloy is suitable for use as a contact material in small joint implants, as addi-
tive manufacturing of this alloy can in the future provide certain benefits, such as individualization and simplification of the 
implant construction, or controlled porosity. The tested pair consisted of a pin and a glass plate lubricated with model synovial 
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Graphical Abstract

Keywords  First MTP joint replacement · Biocompatible materials · Pin-on-plate configuration · Lubrication film thickness

1  Introduction

Interventions, especially the replacements of human joints, 
have become a necessity for today's population. The num-
ber of all joint replacements applied to the human body 
is rising every year. In the human body, there are various 
kinds of joints, and their full functionality is necessary for 
everyday life, for example, small joints, such as the big 
toe's first metatarsophalangeal joint (first MTP joint). This 
joint is responsible for a person's stability and is the most 
stressed joint in the foot during normal movement activi-
ties. Based on the study by Korim et al. [1] which reviewed 
the conducted arthrodesis, hallux valgus and hallux rigidus 
are the most frequent diseases affecting the first MTP joint, 
accounting for 36.6% and 34% of the cases, respectively. 
Recently, mainly hallux valgus has been discussed, as many 
middle-aged women suffer from this deformity because it is 
closely associated with wearing tight shoes or high heels. 
There are two main approaches to treating these deformities. 
The first, which is mainly invasive, is arthrodesis (fusion). 

This is a definitive and irreversible operation in which the 
affected joint is immobilized by fusing the bones together. 
The second option is joint arthroplasty. With this method, 
the joint motion can be preserved and this intervention does 
not affect the gait pattern [2]. Based on the statistics from 
Germany [3], between 2008 and 2017, only a few of the 
first MTP joint arthroplasties were made compared to arthro-
desis, although it may have certain benefits. On the other 
hand, the first MTP joint replacements are not as reliable 
as arthrodesis these days. One of the most common types 
of total arthroplasty for the first MTP joint is ToeFit-Plus® 
[2]. Titchener et al. [4] reported a revision rate of 24% at an 
average of 33 months post-operatively for this implant, while 
the majority of revisions were caused by frank loosening or 
progressive lucency, mainly on the phalangeal side.

The first MTP joint replacements evolved in shape or used 
materials in the past [5]. During these days, the most com-
mon type is a metal-on-polyethylene total MTP replacement. 
These replacements consist of two stems from titanium alloy 
with porous structures, a CoCrMo metatarsal head, and 
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UHMWPE phalangeal plateau. Lately, additive manufactur-
ing (AM) has become more frequent in all production areas, 
and this method is also suitable for joint replacements as the 
AM might bring benefits in the production of personalized 
metal-on-metal (MoM) small joint implants [6]. The most 
common method for producing artificial joints is selective 
laser melting (SLM) [7]. In such manufacturing, Ti6Al4V is 
more suitable than common CoCrMo alloy which is the most 
common contact surface in joint replacements these days 
[8]. The titanium alloy has excellent biocompatibility, good 
corrosion resistance, and high strength ratio [9]. Moreover, 
this alloy fabricated with a porous structure has comparable 
mechanical properties to a natural bone and can improve 
ingrowth of the stems and increases bone-implant stability 
[10]. To ensure the applicability of Ti alloy, the material 
must be subjected to detailed testing and compared with 
conventional Co alloy based on their performances.

To bring the experimental conditions close to reality, 
boundary conditions, such as kinematics and load, have 
to be defined. The kinematics of the first MTP joint was 
described by Durrant et al. [11]. The model provided knowl-
edge about the joint movements and described their variance 
between the individual subjects. The loading of the joint, 
or the contact pressure, was examined by Flavin et al. [12] 
and Al-Munajjed et al. [13]. The main feature ensuring the 
proper behaviour of the replacement in the human body is 
the ability to form a sufficiently thick lubrication film that 
can separate interacting parts of the replacement in order to 
reduce the generation of wear particles.

The formation and thickness of the lubrication film can 
be influenced by various parameters. Myant et al. [14] dem-
onstrated the impact of contact pressure, where its increase 
resulted in a decrease of lubrication film thickness. Kin-
ematics, respectively the relative speed and slide-to-roll ratio 
(SRR) was described by Nečas et al. [15], who showed that 
the relative speed works differently for various SRR, i.e., 
the increase in relative speed for SRR 0 led to an increase 
in film thickness; on the other hand, for SRR 1.5, it led to a 
decrease in film thickness. Another factor potentially influ-
encing the behaviour may be connected to contact surfaces, 
as human joints are tested with synovial fluid (SF) consisting 
of proteins with the ability to adsorb on the contact sur-
faces and its presence can affect the overall behaviour [16] 
of the system. The ability to form a stable and sufficiently 
thick lubrication film is usually connected to the number of 
proteins in the contact area. Nečas et al. [17] presented that 
the behaviour of lubrication film thickness is dependent on 
the composition of SF and tried to connect the behaviour of 
individual constituents, such as albumin and γ-globulin, to 
the lubrication film thickness. It was found that the trends 
of albumin and lubrication film thickness were comparable, 
while the γ-globulin development was observed only on a 
small scale [15]. Therefore, it appears that the main role of 

forming the lubrication film lies in albumin, while its pres-
ence and maintenance in the contact area might be affected 
by other constituents [18, 19]. The study made by Ranuša 
et al. [20] showed differences in the behaviour of samples 
with differences in surface topography. The tested Ti alloy 
had significantly worse surface roughness compared to Co 
alloy, resulting in the presence of a larger amount of pro-
teins in the contact area. The well-formed and stable lubrica-
tion film is closely connected to other observed parameters, 
such as friction and wear, while these two parameters are 
closely related to good functionality and the lifetime of the 
replacement.

In the case of load, the increase of normal force leads to a 
decrease in friction [21, 22]. On the other hand, while lower 
friction occurs in higher load conditions, findings by Gao 
et al. [23] showed that the higher load contact is more likely 
to produce a higher rate of wear particles; therefore, lower 
friction does not always mean a lower wear rate. The studies 
dealing with the lubricant concentration [24–26] similarly 
showed that friction increases with an increasing number 
of proteins in the lubricant. When comparing the Co and Ti 
alloys according to the coefficient of friction (CoF), the val-
ues are not so different [27] On the other hand, when com-
paring the generation of wear particles, the titanium alloy is 
worse, while the released particles were approximately twice 
as high as for CoCrMo [28]. These findings could mean that 
the titanium alloy is incompatible with the use in the joint 
implants for contact surfaces, as the excessive number of 
released particles is undesirable for the patient’s health [29]. 
Nevertheless, the benefits coming with additive manufactur-
ing and simplifying the implant shape construction prede-
termine that the use of this alloy could find its application.

Based on the performed research and the knowledge 
gained in the past in this area of interest, further and com-
plementary research seems more than needed since a bet-
ter understanding of the given phenomena can lead to an 
increase in the lifespan and functionality of the implant, 
which are currently a big problem, as the revision operations 
rate is still too high for this joint [4]. To obtain such research 
that can reveal the behaviour in the contact area, the problem 
has to be examined at its roots. The main question posed 
in this publication was “What are the main differences in 
the tribological behaviour of conventionally manufactured 
CoCrMo and Ti6Al4V alloys in the simulated small joint 
implant (first MTP joint)?” and the sub-question: “Is the 
Ti6Al4V alloy suitable for further investigation as a poten-
tial material for human joints?” To answer these questions, 
the research is supplemented with the development of lubri-
cation film thickness, an analysis of friction, and an analysis 
of contact pair roughness, or its wear scars. Combining these 
observed aspects should provide the necessary insight into 
the issue and show whether it makes sense to conduct fur-
ther research on Ti6Al4V alloys as possibilities for contact 
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surfaces in small human joints, where additive manufactur-
ing might find its application.

2 � Materials and Methods

2.1 � Experimental Apparatus

The experiments were performed on the universal tribometer 
[20, 30], providing reciprocal movement in a pin-on-plate 
configuration with a stable sample (pin) and a moving plate 
(glass). The experimental apparatus is shown in Fig. 1. The 
tribometer construction enables the use of optical methods 
to observe the contact area and measurement of the fric-
tion simultaneously. As the main goal of the study was to 
describe the lubrication mechanism, colorimetric interfer-
ometry [31] was used to observe the contact area to obtain 
information on the film thickness and its development.

2.2 � Contact Pair and Lubricant

The contact pair consisted of a pin made from alloys used 
in implantology: CoCrMo (ASTM-F75) or Ti6Al4V (ISO 

5832-3). The implant manufacturer [32] produced the 
test pins using a certified process involving cold drawing, 
followed by machining to a 15 mm radius, and polish-
ing to a roughness of Ra = 0.01 ± 0.005 μm for CoCrMo, 
and Ra = 0.04 ± 0.01 μm for Ti6Al4V as the conventional 
machining for joint implants allowed for the used materi-
als. The finishing process followed the certified method, 
which showed that it was not possible to bring the surface 
roughness of Ti6Al4V alloy closer to the one obtained for 
CoCrMo alloy. The second articulating part was a plate 
made from B270 glass, as one transparent part was nec-
essary for observations using colorimetric interferometry. 
To enhance the observation conditions, the plate was on the 
contact surface coated with the Chromium layer (reflectiv-
ity of 25%). The other side of the plate was covered with 
an antireflective layer. The use of counterpart made from 
glass shows that the observed simulated joint more likely 
corresponds to the metal-on-metal joint implant type, as the 
material characteristics are closer to each other than for the 
metal-on-polymer type. The material characteristics of con-
tact bodies are shown in Table 1.

The presented study used the model SF as the testing 
lubricant. The model SF was synthetically prepared based on 
the samples extracted from patients with arthroplasty [33]. 
The final composition of the model SF was made by diluting 
the required number of constituents in phosphate-buffered 
saline (PBS). The concentration of diluted components, 
respecting the properties of SF for patients after arthroplasty, 
is as follows: albumin (26.3 mg/ml), γ-globulin (8.2 mg/ml), 
hyaluronic acid (0.82 mg/ml), and phospholipids (0.35 mg/
ml).

2.3 � Loading and Kinematic Conditions 
of Experiments

As there is no available ISO standard for testing of small 
joint implants, especially the first MTP joint investigated in 
this study, the loading and kinematic conditions had to be 
determined based on the analytic models or ISO standards 
used for testing of total knee replacement (TKR) [34] or 
total hip replacements (THR) [35]. Durrant et al. [11] pre-
sented a model where the initial metatarsal declination angle 
is 15°, and the terminal declination angle is approximately 
80°; these angles can vary for different subjects. Using a Fig. 1   Scheme of the experimental apparatus

Table 1   Material 
characteristics, loading, and the 
resulting contact area based on 
the Hertz theory

Material Young’s modulus Poisson’s ratio Applied load Contact pressure Calculated 
contact 
area

CoCrMo 241 GPa 0.29 0.5 N 105.5 MPa 0.095 mm
Ti6Al4V 114 GPa 0.34 0.73 N 105.5 MPa 0.115 mm
Glass B270 71 GPa 0.22
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typical radius of total replacements for this joint, the contact 
path was calculated for ~ 12 mm. Nevertheless, the 20 mm 
stroke was used in the experiments due to dead ends occur-
ring in the testing cycle as the measuring of friction and 
observing the contact area requires a sufficiently long stroke 
with stable normal load and speed stabilization. The tested 
speeds were chosen according to the speeds that may appear 
in the 1. MTP joint during the gait cycle based on the sagittal 
plane kinematics presented by Allan et al. [36]. Based on the 
development of the declination angle, the recalculation of 
peripheral speed was made. Considering that the duration 
of the cycle is one second [34, 35] and the typical radius 
of rotation for the 1. MTP joint is about 13 mm [37, 38]; 
the recalculation showed that for the most of the cycle, the 
speed is very low (approx. 1–6 mm/s). The considerable 
speeds occur between 40 and 65% of the cycle, varying from 
7 to 65 mm/s. Two speeds, 20 mm/s and 40 mm/s, were 
selected from this range for the experiments. The expected 
contact pressure is in the 1. MTP joint highly influenced by 
high conformity of the implant´s parts, where both curva-
ture radiuses are 10 mm. This results in contact pressure at 
about 7–8 MPa [12]. When transformed to the experimental 
conditions (pin-on-plate), this contact pressure (~ 7.9 MPa) 
is obtained for the material combination of CoCrMo and 
UHMWPE by applying 0.5 N. In order to maintain the recal-
culated contact force of 0.5 N on the material combination 
used in experiments (CoCrMo on Glass), the resulting con-
tact pressure was 105.5 MPa. To compare the behaviour of 
two tested materials (CoCrMo and Ti6Al4V), the contact 
pressure was unified in this study. The resulting contact 
forces applied on two tested configurations after recalcula-
tion based on the contact Hertz theory are as follows: 0.5 N 
(CoCrMo/Glass) and 0.73 (Ti6Al4V/Glass). The load was 
monitored and controlled during the experiments to ensure 
no more than ± 5% deviation from the desired value.

2.4 � Experimental Setup and Evaluation 
of the Results

The experiments were designed to observe the behaviour of 
lubrication film thickness in short terms. The experiment 
was divided into three parts. After each part, the contact pair 
was unloaded to depict the relief of the joint. Each partial 
experiment consisted of 20 cycles, which gives the number 
of 60 cycles for the whole experiment, composed of two 
unloading stages. Each configuration was tested on three 
different contact pairs to achieve sufficient repeatability. The 
presented results were evaluated from the observation of 
contact in only one direction (marked as “Evaluated area” in 
Fig. 2A). This area is also cropped off the first and last 2 mm 
of the deflection; as in these parts (dead ends) of the cycle, 
the relative speed was not constant and it was not marked 
as relevant to the results. Continuous development of both 

CoF and lubrication film thickness was recorded during the 
experiment (see Fig. 2B, C). For CoF, the whole marked area 
– green oval (see Fig. 2B) is represented in the results by the 
average value for each cycle. While observing the lubrica-
tion film thickness and its development over time, it was 
found out that the thickness was dependent on the observed 
point of the cycle. In light of this finding, three points were 
selected and observed to describe possible inconsistencies 
during the cycle. These points are marked green in Fig. 2C.

3 � Results

3.1 � Analysis of Surface Roughness Before 
the Experiment

A roughness analysis of the samples was carried out to 
define the boundaries of lubrication film thickness, i.e., a 
separation of the contact surfaces with a certain probabil-
ity. A sufficiently close zone adjacent to the contact area 
was selected for this observation. The zone was based on 
the expected size of the calculated contact area, which was 
doubled in cases where the contact area did not appear on 
the expected canopy. The surface roughness distribution 

Fig. 2   Scheme for the evaluation of the results: A relative speeds with 
a marked area of evaluation; B evaluation of CoF; C evaluation of 
lubrication film thickness
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(its irregularities) of both examined alloys was Gaussian. 
Two borders were determined, the first representing a 95% 
probability of separation of contact pairs and the second a 
99% probability. The values were established based on the 
measurements (see Table 2) to 35 nm (CoCrMo) and 110 nm 
(Ti6Al4V) for a probability of 95%, or to 45 nm (CoCrMo), 
and 160 nm (Ti6Al4V) for a probability of 99%. These bor-
ders are represented in the results graphs as red dashed, or 
solid lines.

3.2 � Lubrication Film Thickness

For the lubrication film thickness, the experiments with an 
entrainment speed of 20 mm/s (see Fig. 3) showed similar 
results in case of reaching a sufficiently thick film layer for 
both of the materials, and the separation of contact pairs 
did not occur (except for the first few cycles for 2. PIN 
made from Ti alloy). The measured thickness was generally 
higher for the Ti alloy (e.g. point at 10 mm deflection at 
30th cycle: ~ 15 nm for CoCrMo and ~ 55 nm for Ti6Al4V). 
Nevertheless, due to its worse surface roughness, it was not 
sufficiently high as the thickness did not reach either of the 
shown boundaries (red dashed or solid line).

On the other hand, the experiments with an entrainment 
speed of 40 mm/s showed different results for each material 
(see Fig. 4). While using the CoCrMo alloy, the contact pairs 
were separated for almost the whole experiment (except for 
the first few cycles for 1. PIN). On the contrary, while the 
Ti6Al4V alloy was used, the film thickness showed quite 
similar behaviour as at a lower speed and it did not reach suf-
ficient values to separate the contact pair completely (except 
for the first few cycles for 2. and 3. PIN).

3.3 � Wear Scars after Experiments

The findings regarding the lubrication film thickness of 
tested samples correspond with the roughness measurements 
(wear scar analysis) after experiments, where a combination 
of CoCrMo and glass at 40 mm/s showed no signs of wear. 

Overall, the wear scars on the tested samples differ for each 
material and relative speed applied (see Fig. 5 and Table 3).

The CoCrMo samples are most likely to create a regular 
oval wear area oriented with a longer axis in the direction 
of the movement (Fig. 5A). On the other hand, the Ti6Al4V 
pins did not create such an oval wear area, but these samples 
were characterized by the formation of separated grooves 
that were considerably deeper and also longer in the direc-
tion of the movement (Fig. 5B). Table 3 shows the charac-
teristics of the wear scars for all tested samples. Significant 
differences were observed for Ti alloy pins at 20 mm/s where 
1. PIN showed similar wear scars as Co pins (oval area) and 
2. PIN had no scars at all.

The typical wear scars for each material are illustrated 
more precisely in Fig. 6. The wear mechanism of Ti6Al4V 
and CoCrMo alloys differs, as observed in the images. 
The images of Ti6Al4V show a non-uniform wear pattern 
accompanied by the creation of deeper separate grooves, 
while the wear area of the CoCrMo sample is characterized 
by the creation of regular oval wear areas without irregulari-
ties. The images depict the abrasion for both materials, but 
the release of Ti6Al4V wear particles caused the three-body 
abrasion.

3.4 � Coefficient of Friction

Figure 7 shows the evolution of CoF for all tested configu-
rations. The yellow dots, representing the average value of 
CoF for three samples are in the graphs supplemented with 
standard deviation (SD). All configurations showed a simi-
lar behaviour, with CoF settled down at values around 0.4 
after an initial increase. The rehydration stages after 20 or 
40 cycles (marked with vertical black dashed lines) did not 
significantly affect the behaviour of CoF at the tested speeds 
of 20 mm/s. On the other hand, when the relative speed 
of 40 mm/s was applied, a slight decrease of CoF can be 
seen after the rehydration stages for Ti6Al4V and a much 
greater decrease for CoCrMo. Nevertheless, the decrease 
lasted only one cycle and then the friction returned to the 
expected value. The values of CoF for CoCrMo at 40 mm/s 
(the only configuration that reached the selected boundaries 
for separated contact pairs) were the most inconsistent with 
the highest SD (see Fig. 7D).

The development of friction was supplemented with 
stacked graphs of friction force evolution throughout the 
experiments for each configuration (see Fig. 8).

The friction force values were evaluated using the meth-
odology outlined in Fig. 2A as averages of three repeated 
experiments. Grey stripes indicate the beginning and end of 
each cycle, representing parts of the cycle, where the rela-
tive speed was unstable. Each material displayed a unique 
stacked pattern of the evolution due to the application of 
different loading forces. The development in each cycle 

Table 2   Probability of full film lubrication based on contact pair 
roughness

Material Sample 95% Probability of 
separated contact pairs

99% Probability of 
separated contact 
pairs

CoCrMo PIN 1 30 nm 41 nm
PIN 2 35 nm 47 nm
PIN 3 34 nm 48 nm

Ti6Al4V PIN 1 102 nm 166 nm
PIN 2 113 nm 182 nm
PIN 3 100 nm 128 nm
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Fig. 3   Development of film thickness at 20 mm/s for A CoCrMo and B Ti6Al4V. Interferograms with marked contact areas correspond to 3. PIN 
for each configuration (the inlet zone is on the left side)
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Fig. 4   Development of film thickness at 40 mm/s for A CoCrMo and B Ti6Al4V. Interferograms with marked contact areas correspond to 3. PIN 
(CoCrMo) and 2.PIN (Ti6Al4V) (the inlet zone is on the left side)
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remained quite stable during the entire experiment after 
the initial rise due to the increase in relative speed for all 
configurations except for the Ti6Al4V at 40 mm/s, where 
an additional lower peak occurred at around 5 mm, and the 
upper peak at around 7 mm of displacement.

4 � Discussion General Discussion

The presented study focused on comparing and describ-
ing the tribological behaviour in the contact area of two 
materials suitable for human joint implants, a conventional 
CoCrMo alloy, and a 3D printing-friendly Ti6Al4V alloy. 
The experiments were designed to provide a general over-
view of these two conventionally manufactured materials. 
Three tribological parameters were measured or observed: 
lubrication film thickness, friction coefficient, and wear 

scars on the tested pins. The kinematics and load used in 
the experiments on the reciprocal tribometer with pin-on-
plate configuration [30] were designed based on the litera-
ture [11–13] or ISO standards [34, 35], while the deflection 
in one direction was set at 20 mm. To obtain a frequency of 
0.5 Hz and 1 Hz, the applied entrainment speed was 20 mm/s 
and 40 mm/s, respectively. The load was set to 0.5 N for 
CoCrMo alloy and 0.73 N for Ti6Al4V, as it was recalcu-
lated using the Hertz contact theory based on similar contact 
pressures.

The experiments showed that it is difficult to create a 
sufficiently thick lubrication film layer under the experi-
mental conditions designed, as the height of the lubricant 
did not reach values sufficient to overcome the average 
roughness of the contact pair (see Figs. 3 and 4). This 
is accompanied by the formation of wear scars that are 
undesirable in human joints (see Fig. 5 and Table 3), as 

Fig. 5   Wear scars on A CoCrMo samples, and B Ti6Al4V samples. Graphs represent the profile cuts of PIN 1 of each material with marked bor-
ders (red and green lines), corresponding to surface pictures of wear areas

Table 3   Wear scars on tested samples

* The wear scar of the Pin was similar to the ones in CoCrMo/Glass configuration

Tested condi-
tions

Sample x-axis width y-axis width Central depth Tested condi-
tions

Sample x-axis width y-axis width Central depth

CoCrMo 
Glass
20 mm/s

PIN 1 157 μm 124 μm 86 nm Ti6Al4V
Glass
20 mm/s

PIN 1* 168 μm 123 μm 127 nm
PIN 2 139 μm 120 μm 92 nm PIN 2 Non-visible signs of wear
PIN 3 126 μm 86 μm 81 nm PIN 3 139 μm 87 μm 203 nm

CoCrMo 
Glass
40 mm/s

PIN 1 Non-visible signs of wear Ti6Al4V
Glass
40 mm/s

PIN 1 255 μm 154 μm 583 nm
PIN 2 Non-visible signs of wear PIN 2 196 μm 65 μm 437 nm
PIN 3 Non-visible signs of wear PIN 3 298 μm 131 μm 984 nm
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they are associated with the release of wear particles into 
the human body. The only difference was observed for 
the CoCrMo alloy at 40 mm/s, where the lubrication film 
thickness reached the limit of 95% probability of contact 
separation and also reached the 99% probability in some 

cycles. The formation of a sufficiently thick film layer is 
accompanied by non-visible signs of wear on these pins 
(see Table 3). Throughout all experiments, the lubrica-
tion film thickness in the observed points did not change 
much over time. The film thickness tended to stabilize at 

Fig. 6   Comparison of wear scars for Ti6Al4V and CoCrMo alloy at 20 mm/s

Fig. 7   Development of CoF for Ti6Al4V A 20 mm/s, B 40 mm/s and CoCrMo C 20 mm/s, D 40 mm/s
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different values depending on the configuration: ~ 20 nm 
(CoCrMo), ~ 75 nm (Ti6Al4V) at 20 mm/s; and ~ 55 nm 
(CoCrMo), ~ 65 (Ti6Al4V) at 40 mm/s. As shown in the 
previous average values of film thicknesses, the Ti alloy 
reached overall higher values. These findings are related to 
the study of Ranuša et al. [20], where, in the experiments 
with Ti alloy, there were more adhered proteins in the 
contact area compared to the experiments with Co alloy. 
Therefore, we believe that a higher number of proteins in 
the contact area leads to an increase in lubrication film 
thickness. This statement is also supported by the study 
of Nečas et al. [15], where the development trends of film 
thickness measured by colorimetric interferometry were 
similar to the trends obtained by observing individual con-
stituents in SF by fluorescent microscopy.

The behaviour of lubrication film formation with synovial 
fluid described by Myant et al. [39] showed the formation 
of aggregated proteins in the inlet zone. In the experiments 
performed in this study, the changes in the inlet zone, such 
as the formation of proteins, only occurred under specific 
conditions which appeared randomly. For example, the sec-
ond pin from CoCrMo at 40 mm/s (see Fig. 5), where the 
film thickness increased significantly in the initial cycles 
until stabilizing at a similar value to other samples. After 
10–30 cycles (depending on the observed point), the inlet 
zone disappeared (see Fig. 9), and the observed contact area 
behaved in the same way as in the other configurations. The 
reason, why the inlet zone appeared, was apparently due 
to the denser occurrence of proteins, which, however, were 

moved away over time and the aforementioned stabilization 
occurred.

Although Protein Aggregation Lubrication (PAL) char-
acteristics occurred, it was only under specific conditions 
(mentioned above) or at the beginning and end of the cycles, 
where the relative speed was very low and these values were 
not considered in the evaluation. Based on the observations, 
a higher number of proteins is needed to create character-
istic PAL conditions. Nevertheless, the used model SF was 
prepared on the basis of the extracted samples from patients 
after arthroplasty [33], so the composition of the model SF 
should correspond to the real state of the human joints. Also, 
artificial starvation of the contact due to a lack of lubricant 
should not occur, as the contact pair was completely flooded. 
At the same time, the good flooding was checked during the 
experiments, and, if necessary, lubricant was added to pre-
vent its occurrence. As can be seen from the pictures, while 
a visible inlet zone occurs, the film thickness is much higher 
(see Figs. 2, 4. PIN from CoCrMo). In order to improve the 
lubrication mechanism, an effort should be made to keep as 
many proteins as possible in the contact zone and its sur-
roundings, which will lead to an increase in the overall thick-
ness of the lubrication film.

Nissim et al. [40] created a computational model for 
PAL, which is typical for SF-lubricated contacts with. For 
the evaluation of the computational model, the results from 
Myant et al. [41] were used. The model showed quite a good 
compliance between experimental and simulation data. Fur-
thermore, the model described the differences between PAL 

Fig. 8   Friction force development for Ti6Al4V A 20 mm/s, B 40 mm/s and CoCrMo, C 20 mm/s, D 40 mm/s
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and EHL regimes and showed that the presented model for 
PAL is more in coincidence with experimental data. For 
the presented study, the obtained data do not fully corre-
spond with the described model. The experimental results, 
such as the height of the lubrication film thickness did not 
reach such values as the model presents, but it also did not 
behave as a classic EHL regime. As both this study and the 
described simulation worked with the same contact pairs 
(CoCrMo on glass), it is possible to compare these results. 
For a steady lubrication film thickness, the values are as fol-
lows: 20 nm (EHL model), 140 nm (PAL model), and 40 nm 
(experiments in this study) for relative speed of 20 mm/s, 
and 30 nm (EHL model), 190 nm (PAL model), and 55 nm 
(experiments in this study) for relative speed of 40 mm/s. 
The main differences occur in the formation of aggregated 
proteins in the inlet zone, as the results in this study showed 
that the inlet zone was formed only in a few conditions, 
where the lubrication film thickness was much higher and 
could be comparable with the PAL model. As the conform-
ity of the contact pair could play a major role in the ability 
to form stable inlet zones, this problem could have occurred 
due to the divergence in the radius of the tested or simu-
lated pins. While a pin radius of 15 mm was used in this 
study, the PAL model used a radius of 19 mm. Moreover, 
the commonly used first MTP joint replacements have an 
even higher conformity (as the structure is comparable to 
THR–ball-in-socket), so it may be necessary to bring the 
experimental setup closer to reality to achieve more accurate 
results for this problem.

When trying to put together the knowledge of all the 
parameters measured or observed in this study, certain 
correlations can be found. The main findings were made 
for the CoCrMo configuration at 40 mm/s, which showed 
that it is possible to generate a sufficiently thick lubrication 
film to separate contact pairs, as this configuration did not 
show any wear scars on the tested pins. This fact is accom-
panied by the development of friction (see Fig. 7). This 
configuration showed the most unstable curve (see SD in 
Fig. 6), as well as the lowest values of friction compared to 
the other configurations. Moreover, the unloading phases 
at the 20 and 40 cycles showed a significant momentary 
decrease in CoF. On the other hand, the other configura-
tions did not show such behaviour, and it can be said that 
these material combinations did not show good enough 
results at defined speeds. In order to obtain a good behav-
iour of the Ti alloy, certain adjustments of the contact 
surface have to be made.

In all the tested configurations, the CoF stabilized at 
the value of 0.4 (see Fig. 7). The only observable evolu-
tion occurred at the beginning of the experiments, where 
the CoF increased with sequent cycles. As well as materi-
als, the change of relative speed did not visibly influence 
the CoF. This finding confirms that the contact pressure 
mainly affects the CoF by increasing the load for identical 
contact pairs [21, 22, 42] when the contact is under full-
slip conditions, so that the slide-to-roll ratio does not enter 
this problem as a variable parameter. Although the force 
has changed slightly in the results presented due to different 

Fig. 9   Creation of inlet 
zone (on the right side) with 
protein aggregation (marked 
with black dashed lines) for 
CoCrMo at 40 mm/s: A 5th 
cycle, B 15th cycle, C 25th 
cycle, D 30th cycle
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material properties (0.5 N and 0.73 N), the contact pressure 
has remained the same.

4.1 � Data Repeatability

The data repeatability in tribological problems using model 
synovial fluid as a lubricant could be more difficult to obtain 
due to its complex composition. To avoid this problem, the 
SF model used was prepared at one time, so the concentra-
tion of each constituent should be similar. Also, the tested 
samples could differ in their geometry or surface roughness. 
Each configuration was tested on three different contact pairs 
in order to obtain a sufficiently large set of results to provide 
sufficient repeatability. As shown in Figs. 3 and 4, the overall 
development of film thickness was similar for the different 
samples. Nevertheless, some differences can be found. For 
example, the lubrication film thickness is highly affected 
at the beginning of the experiment, or after each unloaded 
phase. Figures 3 and 4 show that proteins at different con-
centrations can enter the contact area after the application 
of load, which leads to a significant increase in lubrication 
film thickness (e.g. Pin 2 in CoCrMo at 40 mm/s). Although 
this increase occurs, the lubrication film thickness stabilizes 
after a few cycles at a value similar to other tested samples.

4.2 � Limitations of the Study

The first MTP joint is very complex, and it is not easy to pre-
cisely describe its movement during the gait. Also, no ISO 
standard can be used to define the movement and later to 
compare different designs of experiments. In this study, the 
task was solved in a simplified configuration (pin-on-plate) 
in order to easily characterize the occurring phenomena. The 
kinematics and load were chosen based on the literature or 
tribometer capabilities. However, these input conditions do 
not fully correspond to reality as the conformity of the real 
pair was not considered. Another adjustment from the real 
joint was that the conventional contact pair was changed, as 
one component had to be transparent to enable the use of 
colorimetric interferometry. The glass plate was used as the 
transparent part. This glass plate has quite different mate-
rial properties to those conventionally used in joint replace-
ments. This change may have affected the ability of protein 
to be absorbed onto the contact pairs, as this phenomenon 
was identified as one of the main tribological problems with 
synovial fluid. While the glass was highly hydrophilic, the 
alloys were almost at the boundary between hydrophobic and 
hydrophilic behaviour. The values of the angle of wettability 
(AoW) are summarized in Table 4. Another difference arises 
in the dimensions of the contact area. The estimated con-
tact areas for the configuration with glass are 0.095 mm for 
CoCrMo, respectively, 0.115 mm for Ti6Al4V. These values 
represent approximately 30% of the contact area obtained 

in typical joint materials (CoCrMo and UHMWPE). How-
ever, if we consider the glass to represent a hard contact (as 
mentioned earlier), it would be better to compare the contact 
area with a metal-on-metal total joint replacement, where 
the contact areas will be practically comparable (0.112 mm 
for Ti6Al4V/Ti6Al4V and 0.115 mm for Ti6Al4V/Glass).

5 � Conclusions

The complex friction, lubrication film formation, and wear 
scar analyses were obtained using a pin-on-plate configu-
ration on a universal tribometer with colorimetric interfer-
ometry as the optical observation method. The experiments 
compared two human joint implant materials, conventional 
CoCrMo and Ti6Al4V that might find its use in the future 
for certain benefits (e.g. simplifying the joint geometry, and 
comparable material properties to bone) at two different 
relative speeds. The main conclusions, summed up in bullet 
points, are:

•	 Overall, the Ti alloys produced a thicker lubrication film 
than the Co alloys. Nevertheless, the thickness was not 
sufficient due to its inferior surface quality.

•	 The only tested configuration that created a lubrication 
film layer thick enough to separate the contact pair was 
the combination of CoCrMo with glass at a relative speed 
of 40 mm/s, where the signs of wear also did not occur.

•	 The described PAL, while using the SF model, was found 
only in specific conditions or at low speeds at the dead 
ends of the cycle. While protein aggregation occurred in 
the inlet zone, a thicker lubrication film was formed.

•	 The wear mechanism differs for CoCrMo and Ti6Al4V. 
The Co alloy is more likely to create the regular oval 
wear area. On the other hand, the Ti alloy creates 
bounded grooves that are significantly deeper.

•	 The values of friction were comparable for both tested 
alloys.

To sum up the results and answer the scientific questions 
mentioned in the introduction to this work. Certain differ-
ences were found in the lubrication mechanisms of tested 
alloys. The experiments with Ti6Al4V showed that this alloy 
can create a thicker lubrication film than a Co alloy. Never-
theless, it is necessary to mention the surface quality, or its 

Table 4   The angles of 
wettability for each material

Material Angle of 
wettability

SD

CoCrMo 75.43° 1.65°
Ti6Al4V 78.21° 2.27°
Glass B270 29.08° 3.12°
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roughness. It was not possible to bring the quality of the sur-
faces close enough to each other by using conventional pol-
ishing methods due to the different material characteristics. 
This problem was observed with the Ti alloy where even a 
thicker film was not sufficient enough because the thickness 
of the lubricant did not overcome the average surface rough-
ness, so that the contact pairs were not separated. To avoid 
this problem, it is necessary to improve the surface quality 
of Ti alloy. Two possible ways of achieving this are using 
non-conventional machining/polishing or applying surface 
coatings which in the past have shown a positive influence 
on the contact pair behaviour in various branches of tribol-
ogy. The coating could also benefit the wear mechanism 
by decreasing the number of wear particles or reducing the 
depth of the grooves observed in this study. Another way of 
improving the tested tribological system could be surface 
texturing, which might bring the desired outcome, as it has 
been shown in the past that the textures can increase the 
film thickness.

Based on the findings of this study, it seems that the 
Ti6Al4V alloy may be suitable as a material for small joint 
implants. Nevertheless, it is not possible to use unmodified 
surfaces as the results of this tribological system are insuf-
ficient compared to the conventional CoCrMo alloy in terms 
of achieving a sufficiently thick lubrication film to separate 
the contact pair and thus prevent the undesirable wear of 
joint implants. Future studies should focus on describing the 
lubrication mechanism for additively manufactured Ti6Al4V 
with the aim of improving its behaviour by surface texturing 
and coating.
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Abstract 
The number of endoprosthetic implants for both large and small joints is increasing at a steady rate, thereby creating a growing 
demand for durable products that closely replicate the functionality of human joints. Notwithstanding the aforementioned 
advancements, challenges pertaining to implant fixation and tribological surfaces persist. The advent of progressive technolo-
gies, such as three-dimensional printing, offers a promising avenue for addressing these challenges in implant design and 
surface engineering. The Ti6Al4V and CoCrMo alloys, renowned for their biocompatibility and osseointegration properties, 
represent promising printable materials, although they are susceptible to wear on articulating surfaces. In order to mitigate 
the effects of abrasion, it is essential to implement surface treatments to facilitate the formation of a robust lubricating 
film. This research investigates the potential of texturing and electrochemical polishing to enhance protein aggregation in 
the contact area. The study employs a reciprocating simulator and colorimetric interferometry to observe the contact area 
and measure the coefficient of friction (CoF) of modified surfaces. The findings demonstrate that textured surfaces and the 
combination of electrochemical polishing result in an increase in the thickness of the protein lubrication film, which may 
potentially reduce wear. These outcomes suggest the potential for the utilization of Ti6Al4V alloy implants with fewer ele-
ments manufactured by additive technology.
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1  Introduction

Joint arthroplasty is a common surgery with an increasing 
incidence. The materials used in arthroplasty have a high 
standard, with a good biocompatibility, and osseointegration 
ability. The topic of joint wear remains a significant area of 
research, with the development of new materials leading to 
a reduction in the amount of loose material. [1]. Additive 
Manufacturing (AM) have advanced this field by custom-
izing the implants for better comfort and a longer service 
life [2]. Nevertheless, the advent of additive technologies 
has also introduced a number of new challenges. One such 
challenge is the identification of the optimal manufacturing 
parameters for the production of structures suitable for osse-
ointegration or the improvement of the tribological proper-
ties of articulating surfaces [3].

The longevity of implants is affected by the tribological 
behavior of the articulating surfaces, and interaction with 
the counterbody surface. A number of studies in this field 
demonstrate the interplay between individual surface mate-
rials and the complexity of the molecular components of 
the synovial fluid, which change with patient age [4]. The 

basic materials that combine the advantages of biocompat-
ibility and resistance, while allowing the use of 3D print-
ing by selective laser melting (SLM), are represented by the 
CoCrMo and Ti6Al4V alloys [5].

The possibility of 3D printing of both materials offers the 
advantages of customization and osteointegration, but brings 
new challenges at the same time. One of the challenges is 
the behavior of the printed articulating surface compared 
to conventional production. One of the differences is the 
tensile strength. The SLM-produced CoCrMo alloys exhibit 
a higher ultimate tensile strength and hardness compared to 
those made via investment casting. For instance, the SLM 
samples can achieve yield strengths around 1.4 GPa, but at 
the same time, they tend to have a higher wear rate compared 
to the cast samples, which exhibit lower wear rates due to 
their denser microstructure [6, 7]. However, in both cases, 
the wear resistance is relatively high, and both production 
technologies exhibit sufficient mechanical properties and 
corrosion resistance [8]. Furthermore, the formation of a 
passive oxide film on the metal surface in the human body 
also contributes to a better wear resistance of the CoCrMo 
implants [9]. This oxide layer is mainly composed of cobalt, 
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chromium, and molybdenum oxides. Among these, Cr2O3 
inhibits both the anodic and cathodic reactions. It acts as a 
physical barrier, limiting the transport of cations and anions 
to the metal surface, and serves as an electronic barrier for 
electrons [10, 11]. In the case of the Ti6Al4V alloys, the 
conventional methods produce coarser grains, which can 
hinder dislocation movement, leading to a lower strength 
compared to the 3D-printed surfaces. The 3D-printed 
Ti6Al4V alloys can achieve strengths up to 1492.89 MPa, 
although with a reduced elongation (5.76%) due to micro-
structural defects [12]. Ti6Al4V is frequently used in onco-
logical implants due to its mechanical properties, which are 
similar to those of a human bone. This minimizes the stress 
shielding and promotes the osseointegration [13]. However, 
the alloy is susceptible to a high abrasion on the articulating 
surfaces. This issue can be potentially resolved by various 
surface modifications, such as a coating or micro-texturing. 
Both coating and micro-texturing can enhance the mechani-
cal properties and the durability of the implants. However, 
the coating techniques may suffer from an instability of the 
coating layer. It is, therefore, a challenging task to determine 
the most appropriate manufacturing technique for surface 
treatment and, at the same time, to design the optimal texture 
geometry or multi-level texture with respect to the kinemat-
ics of the selected joint. Micro-texturing has the potential to 
modify the behavior of the lubrication layer, thereby enhanc-
ing the sustainability of the performance, while allowing 
the use of different materials [14, 15]. Modified materials 
frequently exhibit not only enhanced durability but also the 
presence of highly cross-linked polyethylenes, which are 
often doped with a range of substances, including the E 
vitamin. This doping process augments the material's fric-
tional resistance while simultaneously stabilizing the free 
radicals within the structural matrix. This dual effect results 
in a notable enhancement in the material's resistance to the 
oxidation and delamination at the surface [16, 17].

The texturing of surfaces has been demonstrated to exert 
a beneficial influence on the tribological properties, result-
ing in an augmented hydrodynamic pressure and diminished 
surface wear. However, the efficacy of this approach remains 
a topic of contention, particularly in the context of non-con-
formal contacts [18]. In contrast, for the conformal contacts, 
it results in the separation of the contact surfaces by a thicker 
layer of protein-containing lubricant, which alters the lubri-
cation regime and reduces the wear. Simultaneously, the tex-
tures serve as lubricant reservoirs, facilitating the desired 
separation of the articulating surfaces [19, 20]. Addition-
ally, the textures can capture and remove wear particles from 
the contact area. Aseptic wear particles are produced as a 
result of the abrasive wear of the materials, primarily in the 
boundary and mixed lubrication regimes. Carefully chosen 
textures can efficiently remove the particles from the contact 
area or retain them within the texture, thereby enabling the 

articulating surfaces to maintain a smooth surface topogra-
phy for longer periods in vivo [21, 22].

Several studies have investigated the effect of the micro-
texturing on the coefficient of friction [23–25]. Some of 
these studies suggest an increase in friction, which is mainly 
caused by the behavior of the protein components of the syn-
ovial fluid as it passes through the contact. This behavior is 
due to the shear stress of the aggregated proteins adhering to 
the surface (γ-globulin) or to the further layering of the albu-
min with already a lower shear. Nevertheless, it is important 
to supplement the given conclusions with kinematic condi-
tions, which have a significant influence on the behavior of 
the lubricating layer and the design of the texture [26–28].

The potential applications of micro-texturing extend to 
a range of implants, with the possibility of it becoming a 
standard treatment for all articulating surfaces in the future. 
However, the current focus is mainly on small joint replace-
ments, where the number of surgeries is steadily increasing 
year on year [29]. Developments in this field often provide 
solutions that do not reflect current trends in endoprosthetics 
and replace them with proven procedures that are often at the 
expense of patient comfort. A clear example is the metatar-
sophalangeal joint, which is often affected by hallux valgus 
and hallux rigidus. In such cases, two treatment options are 
simultaneously offered to the patient. One is arthrodesis, 
which results in the loss of joint functionality. The other 
option is a mobile replacement of the affected joint. Despite 
a number of disadvantages, arthrodesis is the most common 
solution due to its simplicity and reliability. This is because 
it does not contain interlocking moving parts [30]. These 
statistics also indicate the necessity for further development 
in the field of functional MTP replacements in order to make 
them the surgeons' preferred solution due to their reliability.

Micro-texturing is largely dependent on the load and the 
rate of movement of the interacting surfaces. As for load-
ing, the contact conformity, contact pressure and material 
are important. Micro-texturing on hard materials such as 
the CoCrMo or Ti6Al4V is especially promising for the 
small joint implants, where the articulating surfaces are 
less exposed to contact pressure and ranges of motion. A 
study by Shereff et al. [31] described the kinematics of the 
metatarsophalangeal joint for patients with a joint disabil-
ity. The average total range of motion in the sagittal plane 
was 111°, with approximately 76° of dorsal flexion and 34° 
of plantar flexion. The implant attempts to maintain a full 
range of motion, which has a significant impact on a per-
son's stability and proper foot function. Zhang et al. [32] 
conducted a numerical study on the pressure distribution. 
They found that increase in the contact pressure for patients 
affected by the hallux valgus disease, which also led to a 
higher risk of the joint damage. The pressure for the normal 
joint is 1.53 MPa and affected joint 2.21 MPa. In the case of 
the Morgan et al. research [33], the contact pressures were 
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higher. In the case of the cadaver tests, the values were in 
excess of 30 MPa, with numerical simulations showing val-
ues as low as 10 MPa in the 200–230 MPa load range. The 
values were significantly higher for joint implants, depend-
ing on the material used. The pressure on the implant was 
recalculated in relation to the geometry of the pair, based on 
the predictions from the healthy joint [25, 34].

The CoCrMo alloy shows a good abrasion resistance. 
However, since its mechanical properties differ significantly 
from those of a human bone, it is susceptible to tribocorro-
sion and aseptic loosening. Wang et al. [35] compared the 
CoCrMo alloys with the Ti alloys, specifically in terms of 
the tribocorrosion. The study concluded that the Ti alloy 
was better alternative to the CoCrMo alloy, due to its lower 
wear and potential for the health hazardous ions, such as 
Co(III) and Cr(VI). The Ti6Al4V exhibits a high wear rate 
[36, 37], which can be resolved by surface modifications or 
modifications that create a lubricating film to separate the 
joint surfaces.

1.1 � Production and Impact of the Micro‑textures

Micro-textures are frequently used in the arthroplasty of 
large joints as they offer a better surface wear resistance and 
lubrication compared to the smooth surfaces [36, 38–40]. 
For small replacements, the texturing has an even greater 
potential due to lower contact pressures.

The most used texture shape is a circular or rounded 
dimple oriented in the slip direction. Conversely, alterna-
tive texture shapes have been identified that demonstrate the 
potential to reduce the coefficient of friction (CoF) even fur-
ther. However, the question of the efficiency of the produc-
tion of these shapes and their applicability in the context of 
more complex kinematics and in combination with different 
materials remains unanswered [41].

The basic texture parameter is the ratio of depth (hp) to 
diameter (dp), which is critical to the wear performance. 
Correct adjustment of this ratio (ε) can result in a reduc-
tion in the CoF of up to 30% due to locally varying hydro-
dynamic pressures [42]. In general, small depth textures 
(around 1 μm) can increase the CoF and wear at low loads 
due to insufficient hydrodynamic pressure generation. How-
ever, this statement does not apply to the use of a protein 
lubricating film due to the formation of protein clusters dur-
ing the contact passage, and therefore, an increase in the 
CoF does not necessarily imply worse results in terms of the 
long-term wear. In the synovial joint environment, deeper 
textures (1–15 μm) appear optimal as they both increase 
the hydrodynamic pressure and act as lubricant reservoirs 
[43]. Despite the positive effect of the texture on the lubric-
ity, a negative effect is possible as well, especially if the 
load exceeds optimum thresholds and the lubrication limit is 
reached [44]. Another critical parameter is the combination 

of the ε ratio with the texture, surface coverage density (Sp), 
and shape, which determine the effectiveness in the different 
lubrication regimes during the implant cycle [45, 46].

It is expected that the friction reduction will be more 
pronounced for shallow dimples (3–10 μm) having smaller 
diameters (100–200 μm) [47]. The effect of surface textures 
on friction will be further driven mainly by the parameters 
of the textures. Depending on the aspect ratio ε, the tex-
tures will either provide an enhanced hydrodynamic effect 
(ε < 0.1) or serve as a lubricant reservoir (ε > 0.1). Several 
studies suggest that an optimal ratio value is 0.1 or lower, 
depending on the material used [48]. However, the conclu-
sions regarding the coverage density are not clear. Some 
studies proved that tribological properties can improve with 
an increasing texture density, while others showed the oppo-
site trend, with improvement occurring with a decreasing 
density [49]. Qiu et al. [50] conducted experiments on the 
conformal contact system under the boundary lubrication 
conditions. They investigated three texture densities of 26%, 
41%, and 58% at an ε ratio of 0.1. The results showed that 
the lowest friction coefficient was achieved at 58%. Li et al. 
[51] investigated the effect of three different densities of 
hemispherical pits (5%, 13%, and 35%) at the ε ratio of 0.01. 
They found that the lowest friction coefficient was achieved 
with a density of 13%. Similarly, Raeymaekers et al. [52] 
found that densities of approximately 15% and ε ratios in 
the range of 0.1 to 0.3 produced the best results. Zhang 
et al. [53] proposed a patelloid texture produced by a pulsed 
laser ablation. Pin-on-plate tests demonstrated a long-term 
decrease in the coefficient of friction, resulting in a reduction 
of the wear rate in the hydrodynamic lubrication regime.

The lubrication properties are influenced not only by 
the density of the micro-texture coverage but also by the 
arrangement of the texture. The textures are arranged 
according to the direction of movement, with longitudinal, 
transverse, or oblique orientation. The textures are arranged 
mainly in a square, triangular (hexagonal), or a random pat-
tern. Choudhury et al. [54] investigated the distribution of 
the micro-textures in square, circular, and triangular arrays 
on the hip replacements. They concluded that the square 
arrangement provided the best tribological properties. 
According to Braun et al. [55], the use of the circular tex-
tures of a suitable size in a triangular arrangement can lead 
to a reduction in the friction of up to 80%. Schneider et al. 
[48] concluded that a pitting aspect ratio of 10% results in a 
reduction in friction of 0.1. A triangular pattern is superior 
to a square arrangement, provided that the texture design is 
of high quality.

The texturing technology has a major influence on the 
overall function of the texture. Among micro-machining 
tilling method [56], laser machining is the most common 
technique. However, it has a drawback: it forms sharp cor-
ners that act as stress concentrators. This leads to two-body 
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abrasive wear, where the sharp rims cause micro-scratches 
on the counter-surface, increasing the coefficient of friction. 
To mitigate this issue, efforts are made to round the rims and 
reduce their negative impact. This text discusses different 
methods of the surface modification or rough surface prepa-
ration in titanium implants. The methods are based on the 
mechanical, thermal, chemical, electrochemical, and laser 
techniques. It should be noted that these methods do not 
only remove the rims caused by the laser machining but also 
modify the overall surface [57, 58]. Over the past decade, 
the patented DLyte technology has garnered a significant 
attention. Unlike the conventional technologies, the DLyte 
only smooths the peaks of the roughness, not the valleys, 
through a selective surface smoothing. The DLyte operates 
on the principle of an ion transport by free solids, which is a 
combination of an electrical flow and a particle movement 
through an electrolytic medium [59–61].

1.2 � Aim of the Study

Additive methods together with the micro-texturing and the 
DLyte technology have the potential to introduce a custom-
ized, on-order manufacturing of the implants. However, it 
is crucial to investigate closer the behavior of the specific 

alloys that are suitable for additive production, such as the 
CoCrMo and Ti6Al4V alloys, in joint implant simulations.

This study investigates the behavior of synovial fluid in 
the contact region of textured specimens made of Ti6Al4V 
alloy using colorimetric interferometry and friction coef-
ficient. Colorimetric interferometry was proven to bring an 
essential insight into assessing lubrication mechanisms in 
hip replacements before [62]. Subsequently, the results are 
compared with those of a conventional CoCrMo alloy. In 
addition, attention is paid to the DLyte method, which has 
the potential to modify the final surface in terms of local 
irregularities.

2 � Materials and Methods

2.1 � Apparatus

The analysis of the lubrication film formation and the fric-
tion was conducted using a reciprocating motion simu-
lator with a pin-on-plate configuration. This allowed for 
simultaneous observation of the contact and in situ friction 
measurements. Figure 1 displays the design of the device, 
which was modified from the one used by Čípek et al. for 
cartilage analysis [63, 64]. The device was equipped with a 

Fig. 1   Schematic of the measuring apparatus in a pin-on-plate configuration
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colorimetric interferometry apparatus to observe the thick-
ness of the lubricant film. The simulator bath was heated 
to a temperature of 37 °C to simulate the human body 
environment. A glass plate was mounted on a movable 
carriage, which performed a reciprocating motion, while 
the specimen remained stationary. The formation of the 
lubrication film was observed using an optical imaging 
system that included a microscope, a halogen light source, 
a CMOS digital high-speed camera (Phantom v710), and 
a PC. When the metal pin and the glass plate came into a 
contact and were illuminated, the color Newton rings were 
observed. Hartl et al. used a thin film colorimetric inter-
ferometry to evaluate the film thickness [65]. In our study, 
the contact surface of the glass plate was coated with a 
semi-reflective chromium layer to increase the contrast of 
the interference fringes. The film thickness evaluation was 
based on three steps:

(1)	 The calibration curves were obtained from an inter-
ferogram of a lightly loaded static contact, which was 
then matched with the measured contact profile. This 
provided information about the relationship between 
the color and the film thickness.

(2)	 Interferograms of a fully loaded contact during the 
translation of the carriage were captured using a high-
speed camera (Phantom V710, Vision Research, USA).

(3)	 The thickness at any arbitrary location of the contact 
could be determined by matching the captured inter-
ferograms with the calibration curves.

2.2 � Samples

A sample of an optical glass BK270 with dimensions of 
155 × 44 × 4 mm was used as a plate. One side of the glass 
was coated with a semi-reflective chromium layer and the 
other with an anti-reflective layer. The experimental pins 
were made of two main materials used in the implantology: 
the medical grade cast CoCrMo alloy (ASTM-F75) and the 
Ti6Al4V alloy (ISO 5832-3).

The CoCrMo pin was manufactured from a cold-drawn 
bar, cut and turned under the same cutting conditions as the 
conventional joint replacement implants. The radius of the 
head of the pin was R100 and the diameter of the pin was 
9.7 mm. The ball surface was further polished to the required 
minimum roughness Rq of 0.012 ± 0.005 μm. The Ti6Al4V 
pin was manufactured from a 10-mm-diameter cold-drawn 
bar and then machined and polished to achieve the same 
geometry and surface finish as the CoCrMo pin.

The surface geometry of the samples was evaluated 
before the experiments. An optical profilometer based on 
phase-shifting interferometry (Bruker, Contour GT-X8) was 
used to analyze the surface roughness (Rq) in the contact 
area with dimensions of 1 × 1.2 mm covering a theoretically 
calculated circular contact area with radii of 0.06 mm.

The distribution of the micro-textures was chosen to be 
triangular, with the basic element of this lattice being an 
equilateral triangle of side length 42.7 µm. The shape of the 
micro-texture itself was circular, while the bottom of the 
texture was flat as far as possible (Fig. 2). This texture shape 

Fig. 2   Distribution and geometry of the textures on the surface of the samples



Tribology Letters (2025) 73:15	 Page 7 of 18  15

was chosen because it is easy to fabricate with a picosecond 
laser while maintaining the geometric repeatability at each 
pit. The circular shape also gives us the advantage of the 
consistency of the film behavior even with changes in the 
direction of the motion, which is expected due to its use in 
an articulating implant. A schematic of the arrangement and 
shape of the texture is shown in Fig. 2. Based on the results 
of the literature search, the most effective coverage density 
Sp of 15% was chosen in terms of the lubricant film forma-
tion, considering the number of textures in contact with the 
materials at full load. The condition was the participation of 
at least 5 textures in the contact area, which is ensured in the 
given configuration. The chosen variable parameter is the 
ratio ε. In order to vary the value in the range of 0.01–0.2, 
which is given in the literature as the most effective value 
for the given coverage, the only variable parameter left is 
the texture depth dp. For this reason, 5 texture parameters 
were chosen (dp 0.4–6 μm). The distance between the cent-
ers of the dimples was 74 μm, and the radii of the dimples 
were 15 μm.

The textures were created using a laser micromachining 
with a picosecond laser [Perla 100 (Hilase)] to minimize 
the thermal impact on the surface. The laser operated at a 
wavelength of 1030 nm, a pulse length of 1 ps, a repetition 
rate of 60 kHz, and a maximum pulse energy of 1 mJ. The 
laser beam was guided through a harmonic frequency attenu-
ator and an optical combiner. The laser beam was guided 
through a system of mirrors to an Intelliscan 14 (Scanlab) 
scanning head, which was placed on a sliding z-axis stage. 
The textures were fabricated at an average power of 72 mW, 
moving the laser beam along a spiral trajectory at speeds up 
to 400 mm/s. Ten samples were created for each material, 
with each texture (0.4–6 depths). The DLyte method was 
used to remove the sharp rims that were produced during 
the process on the texture. The CoCrMo pins were polished 
using CoCr DLyte MIX MSA-S H FOR S100 electrolyte, 
while Ti DLyte MIX MSA PLUS-S electrolyte was used for 
polishing titanium samples.

2.3 � Lubricant

The model solution comprised bovine serum albumin (BSA, 
Sigma Aldrich A7030, Darmstadt, Germany), bovine serum 
y-globulin (BSG, Sigma Aldrich G5009, Darmstadt, Ger-
many), hyaluronic acid with a molecular weight of 1000 kDa 
(HA), and phospholipids. The constituents were added to 
a phosphate-buffered saline (PBS). Concentrations corre-
sponded to the composition of the synovial fluid of patients 
after a total joint arthroplasty (albumin 26.3 mg/ml, y-glob-
ulin 8.2 mg/ml, Phospholipids 0.35 mg/ml, Hyaluronic acid 
0.82 mg/ml) [66]. The lubricants were thawed prior to the 
testing and stored in a refrigerator to ensure a complete pro-
tein dissolution in the PBS. Each experiment used a total 

volume of 14 ml of lubricant and was conducted under fully 
flooded conditions to avoid contact starvation.

2.4 � Experimental Design

The kinematic conditions of the experiment were derived 
from the kinematics of the first metatarsophalangeal (MTP) 
joint. According to Durrant et al.'s study [67], the MTP joint 
undergoes a 65° rotation. The angular values of the initial 
and the final declination differ according to the physiology, 
gait type, and joint damage of each person. However, an 
angle of 65° represents the mean value for an average person 
[39, 40]. For the MTP joint implants, a head and a socket 
with a radius of R100 were used. The arc path length was 
calculated as the product of the radius and angle in radians, 
resulting in an approximate length of 11.3 mm. However, 
due to the tribometer conditions, the length was increased to 
20 mm. Each cycle involved a back-and-forth motion, result-
ing in a total cycle length of 40 mm. The frequency of the 
movement was 0.5 Hz, resulting in a speed of 20 mm/s for 
a 40 mm path. The kinematic conditions of the experiment 
are summarized in Table 1. The load of 0.5 N was applied 
to both micro-textures. For the CoCrMo compared to glass, 
the contact area diameter was 180 μm and the contact pres-
sure was 29.6 MPa. For the Ti6Al4V compared to glass, the 
contact area diameter was 191 μm and the contact pressure 
was 26.3 MPa. The contact area diameter and pressure were 
calculated using the contact Hertz theory.

The overall design of the experiment was devised with 
the objective of observing phenomena in the contact region, 
to gain some fundamental insights and comparisons. In this 
context, several simplifications were made to the in vitro 
conditions in comparison to the real in vivo conditions in 
the MTP joint. The primary limitation is the non-conformal 
surface and the associated increase in contact pressure to a 
higher range of values that occur at the joints. Concurrently, 
the alteration in contact pressure results in the replacement 
of the articulating pair with a transparent glass with a lower 
Young's modulus than the Ti6Al4V alloy. These differences 
can affect the thickness of the lubricating film, which can 
ultimately have a negative effect on the overall wear. There-
fore, these limitations must be considered in any wear evalu-
ation and long-term wear tests [68, 69].

For each texture, including the reference without texture 
(six samples), a single measurement was conducted, com-
prising three consecutive cycles. A schematic of the experi-
ment is presented in Fig. 3.

2.5 � Data Processing

The tribological behavior of the lubricant and the implant 
materials was evaluated based on two main parameters: 
the coefficient of friction (CoF) and the film thickness. 
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The coefficient of friction was measured in three con-
secutive cycles, which were then combined into a single 
graph. The discontinuity of the measurements into indi-
vidual cycles was necessary due to the memory capacity 
of the high-speed camera. The sampling frequency was 
50 Hz, resulting in the friction coefficient values obtained 
for time periods of 0.02 s. Filtering and data processing 
were conducted using MATLAB software. The data were 
filtered based on a 5% deviation from the mean veloc-
ity to remove the outliers and the data from the motion 
change sections where the null velocity was reached. The 
film thickness was quantified using the colorimetric inter-
ferometry. The fundamental principle of this method is 
the optical recording of the contact area, captured at a 
rate of 100 frames/s. The frames were extracted from the 
scanned data at regular intervals. The glass part of the 
simulator was moved at a constant speed along the pin. 

This resulted in 20 frames for evaluation at 20 cycles. The 
interferograms were evaluated using a custom software 
[65]. In each of the 20 frames, three reference locations in 
the contact area were selected, and the average thickness 
of the lubricating film was determined. The final value for 
one cycle was calculated as an arithmetic mean of these 
three values. For each measurement, a total of 20 average 
thicknesses were obtained, resulting in 60 values in three 
cycles for each material pair tested.

3 � Results and Discussion

The results presented concern the micro-textured surface 
and its influence on the coefficient of friction, with the 
objective of describing the lubrication regime using the 
observed film thickness in the contact area. The main 
contribution is the use of Ti6Al4V alloy, which has the 
potential for future use in the fabrication of individualized 
implants using additive manufacturing. The research is 
mainly concerned with the description of the tribologi-
cal processes in the contact region, with the objective of 
preparing the basis for further necessary surface treat-
ments improving wear resistance. The CoCrMo alloy was 
employed as a reference, enabling results comparison. 
The articulating surface was then augmented with a range 
of micro-textures, which were subsequently modified by 
electrochemical machining. This allowed for the investiga-
tion of the impact of these modifications on the lubrica-
tion processes in the contact area. The rationale behind 
modifying the surface in this manner is to identify optimal 
conditions for the formation of a film capable of separating 
the articulating surfaces, thereby reducing the quantity of 
loose abrasive particles.

Table 1   Experimental conditions (A) sample characteristics, (B) kinematic conditions

(A)

Samples Material Semi-finished 
product

Young’s modulus 
(GPa)

Poisson’s ratios Contact pressure 
pin on plate 
(MPa)

Pin (radii 100 mm) Ti6Al4V alloy Bar 114 0.34 26.3
CoCrMo alloy Bar 230 0.28 29.6

Plate Borosilicate glass B270 62 0.22 –
Albumin γ-Globulin Phospholipids Hyaluronic acid
26.3 8.2 0.35 0.82

(B)

Load (N) Velocity (mm/s) Stroke (mm) Total distance (mm) Number of cycles Duration (s) Temperature (°C)

0.5 20 20 2400 60 120 37

Fig. 3   Experimental set-up
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3.1 � Surface Topography

In the initial stage of the study, the articulating surfaces 
of the samples were evaluated without texture, and subse-
quently, after texture production and electrochemical treat-
ment with DLyte. The initial surface was polished to achieve 
a roughness value below 10 nm (without texture), which 
meets the ISO 7206-2 standard for articulating surfaces of 
metallic implants [70]. The surface itself was also evaluated 
in terms of its overall geometry, with respect to the pos-
sible influence on the contact area and, thus the contact 
pressure to be induced [71]. Overall, a deviation of up to 
10% of the required nominal radius R100 was accepted. This 
deviation was based on the accuracy of the measurements 
themselves and the manufacturing capabilities. It was also 
considered that the specimens were manufactured using the 
same method as commonly used implants, which guaran-
teed the same manufacturing deviations and surface quality 
achieved in endoprosthetics. However, an issue arose in the 
evaluation of the overall surface waviness, where irregulari-
ties were more frequent, which influenced the shape of the 
contact area. Based on these conditions, the specimens that 
demonstrated the most favorable results in the analysis of the 
contact area were selected. The samples were then textured 
with five different texture depths of the same distribution and 
diameter using a picosecond laser. Laser surface texturing 
process has a thermal ablation process, due to these high 

temperatures are encountered around the dimple and cause 
microstructural changes, residual thermal stresses, rim for-
mation in the laser-irradiated zone and substrate [72]. As the 
depth of the texture increased, the rim of dimples relative to 
the reference surface also increased. This was caused by the 
greater material removal and material melting at the rim of 
the texture. Some larger rims (270–380 nm) around the dim-
ples (2–6 µm) were observed for the Ti6Al4V alloy (Fig. 4C, 
D). For the CoCrMo, the rims were significantly lower, the 
maximum rim heights were up to 270 nm. To eliminate 
these inequalities, the electrochemical method DLyte has 
proven and led to a relative decrease in the rims for both 
materials. However, despite the removal of the rims, this 
method proved to be unsuitable for the CoCrMo alloy. Even 
a short exposure with the DLyte method (0.4 s) resulted 
in the removal of rims, at the same time it led to damage 
to the rest of the surface, severely damaging the observed 
area and making further evaluation of the results impos-
sible. This phenomenon can be observed in the plot of total 
roughness (Fig. 4A, B), where notable discrepancies were 
observed in the CoCrMo alloy. Several studies found that 
Co–Cr–Mo alloys have a dendritic surface structure with 
a 1 to 4 nm thick oxide layer, providing a corrosion barrier 
in the human body. Corrosion barrier can affect processes 
during electrochemical machining, which prevents us from 
creating an ideal geometry with a uniform contact surface. 
For this reason, the results from colorimetric interferometry 

Fig. 4   Average surface rough-
ness with masked texture: A 
Ti6Al4V, B CoCrMo, rim 
height of textures for Ti6Al4V: 
C before DLyte, D after DLyte
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of the CoCrMo alloy after application of the DLyte method 
could not be evaluated [73, 74]. In contrast, the Ti6Al4V 
material showed a significant reduction in the rim without 
a significant damage to the rest of the surface. The method 
was applied for textures with more pronounced rims where 
the rim reduction from 53 to 80% occurred without a damage 
to the surface geometry. The surface quality achieved may 
be influenced by the chloride ion content of the electrolyte, 
indicating a suitable reaction for anodic dissolution. At the 
same time, the electrolyte may alter the surface tension, 
which could lead to the formation of a stable TiO2 film and 
thus increase corrosion resistance and alter the affinity of the 
proteins in the contact area [75].

3.2 � Coefficient of Friction

Another parameter evaluated for all articulating surfaces 
was the friction coefficient in the pin-on-plate configuration. 
Results shows the average CoF value after the first cycle 
when the values stabilized (Fig. 5). Initially, the CoF val-
ues were observed to be the lowest, and then they increased 
with the accumulation of proteins in the contact region. 
This finding is partially corroborated by studies that have 
examined the shear stresses within the protein layers in the 
contact region [27, 34, 76, 77]. This phenomenon was also 
described in relation to the individual proteins in the contact 
area: albumin, γ-Globulin [78]. The polished CoCrMo alloy, 
commonly used for the articulating surfaces in implantology, 
showed the CoF value of 0.5 (SD 0.02). The use of tex-
tures resulted in an increase in the CoF value for the texture 
depths of 1–4 µm. The CoF increase was about 0.02 to 0.09. 
There was a slight decrease for the texture depths of 0.4 and 
6 µm which may be due to a more pronounced deviation 
from the ε ratio which showed the lowest results in terms of 
the coefficient of friction [52]. The subsequent utilization 
of the DLyte method resulted in significant damage to the 
geometry of the contact area, thereby distorting the results 
due to local deformations that also altered the contact pres-
sure distribution. In certain instances, the friction coeffi-
cient decreased, which can be attributed to differing protein 
aggregation processes on the surface due to the change in 
pressure. In this case, it is essential to consider the specific 
circumstances when interpreting the results. Further research 
is necessary to ascertain the viability of the DLyte method in 
CoCrMo alloy. In particular, future research should focus on 
optimizing the electrolyte exposure time, the type of electro-
lyte, and optimizing the technology to remove irregularities 
while avoiding any disturbance to the overall geometry.

Prior to the DLyte treatment, the Ti6Al4V alloy exhib-
ited a markedly lower friction coefficient value of 0.32 (SD 
0.01) compared to the CoCrMo alloy. Concurrently, the CoF 
values demonstrated a notable acceleration in stabilization 
with the advancement of continuous development. The 

incorporation of textures in the remaining samples resulted 
in an increase in friction compared to the reference, suggest-
ing a heightened concentration of proteins in contact. The 
increase in coefficient of friction (CoF) was observed to be 
within the range of 28–118%. This increase can be attributed 
to protein friction, which is the response of proteins to shear 
friction. Previous studies have reported a decrease in fric-
tion with textured surfaces; however, it is often the case that 
phosphate-buffered saline (PBS) or Ringer's solution leads 
to a different lubrication mechanism [79]. The texture with 
a depth of 6 μm achieved the highest average coefficient of 
friction (0.71, SD 0.02). The significant deviation may be 
due not only to protein aggregation but also to a combina-
tion with adhesive wear in the contact region, as described 
by the study of Sonekar and Rathod [80]. In the case of the 
Ti6Al4V alloy, the DLyte method did not damage the over-
all geometry and the contact area remained in its original 
dimension, but there was a partial increase in the overall 
surface roughness compared to the original polished speci-
men. Nevertheless, the roughness of 30 nm was not exceeded 
for any of the textured samples. The DLyte method reduced 
the texture rims. The reduction was to the extent that there 

Fig. 5   Coefficient of friction: A Ti6Al4V alloy, and B CoCrMo alloy
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was a full separation by the protein lubricating film, elimi-
nating the risk of a significant abrasive and adhesive wear. 
With regard to the coefficient of friction, the DLyte-treated 
Ti6Al4V alloy surface exhibited a notable increase from 
0.32 to 0.47 for the reference sample. Concurrently, there 
was a slight increase from 3 to 20% for all textures, with the 
exception of the 6 µm depth, where there was a decrease of 
13%. These results are corroborated by the lubricating film 
itself, which effectively decouples the surfaces at a given 
geometry. This means that the frictional forces are solely 
generated by shear friction in the synovial fluid. In the case 
of the deeper 6 µm texture, it was also possible to observe 
a slight decrease in the thickness of the lubricating film. 
This, together with the deeper texture and the different con-
tact pressure distribution, partly explains the change in the 
coefficient of friction behavior [81]. The results obtained 
for the textured surfaces show positive changes in terms of 
protein adhesion in contact, which is manifested by a change 
in the coefficient of friction. In the case of the Ti6Al4V 
alloy, there was a slight increase, which corresponds to the 
results obtained for the transition of the protein cluster in 
the contact [26]. At the same time, it is necessary to take 
into account the changes in the contact area in terms of the 
increase in the hydrodynamic pressure and the change in the 
geometry of the contact area due to the influence of the tex-
tures. In this case, the area is 15% smaller, which will lead 
to a tendency for the coefficient of friction to increase at the 
same contact pressure. In the case of CoCrMo, despite the 
reduction in contact area due to texture, there was a slight 
reduction in friction, indicating a better ability to form a 
lubricating film compared to the titanium alloy. A limitation 
of the study is the relevance of the evaluation in terms of the 
texture depth, as due to the random behavior of the contact-
ing proteins, a larger number of samples need to be tested. 
Further research in this direction is planned, but the results 
partially suggest the advantage of the deeper textures due to 
their function as a lubricant reservoir and the possibility of 
trapping the wear particles directly in the texture, contribut-
ing to the overall wear reduction.

3.3 � Film Thickness

The film thickness of both alloys was evaluated using col-
orimetric interferometry. In the case of Ti6Al4V, the results 
before and after treatment by electrochemical polishing were 
used. In the case of the CoCrMo alloy samples, only the 
results before electrochemical treatment were published, 
as there was significant surface damage, which would have 
led to misleading results. The surface evaluated was with 
a roughness commonly used in implantology, up to 12 nm 
(with the textures used being masked out). Conversely, the 
surface of the contact area exhibited deviations within 5% 
despite significant deviations from circularity. In the case of 

the CoCrMo alloy, measurements on the reference specimen 
demonstrated a film thickness of 39 nm (SD 11 nm), which 
only marginally separated the articulating surfaces. Con-
versely, the relatively high deviations were attributed to the 
passage of protein clusters across the contact surface, which 
locally increased the film thickness and thus affected the 
overall results. Subsequently, measurements were performed 
on textured samples. The data set could only be evaluated 
for textures with depths of 0.4 and 1 µm, where complete 
separation of the articulating surfaces was observed, thus 
minimizing abrasive wear. For deeper textures, significant 
abrasive damage to the glass significantly affected the results 
and prevented a proper evaluation. During the translational 
motion, the texture rims made contact with the glass surface, 
as the height of the rims exceeded the predicted thickness of 
the lubricant film. This resulted in the formation of scratches 
and damage to the chrome layer on the glass. The 0.4 µm 
deep texture exhibited a slight increase in film thickness 
compared to the reference sample (50 nm, SD 12 nm), with 
no significant change in the behavior of the lubrication layer. 
This indicates that the texture itself exerts an influence. In 
contrast, the 1 µm texture exhibited aggregation of protein 
clusters at the beginning of the experiment, leading to a local 
increase in film thickness up to 200 nm. Subsequently, the 
thickness of the protein layer increased, resulting in a further 
increase up to above 200 nm. All values of the film thickness 
are confronted with the heights of irregularities (including 
rims on the textures and overall roughness), which is dem-
onstrated in the results by dashed lines (Fig. 6).

In comparison to the CoCrMo alloy, the Ti6Al4V sam-
ples exhibited a disparate behavior in the contact area. The 
surface roughness of the Ti6Al4V alloy was comparable to 
that of the CoCrMo alloy, with a range of 9–30 nm. Concur-
rently, however, minor scratches and localized damage were 
observed during surface polishing of the Ti6Al4V alloy. 
Following electrochemical treatment with DLyte, the pro-
trusions were removed, yet the overall roughness remained 
unaltered, and the local damage was retained. Furthermore, 
irregularities can also affect the formation of the lubricating 
film, for example, by accelerating the aggregation of pro-
teins in the contact area. This phenomenon can be observed 
in the reference sample (Fig. 7), where the formation of a 
cluster of proteins occurred from the outset of the experi-
ment, which subsequently washed away from the contact 
area once it reached a critical size. This phenomenon can be 
observed by the rapid reduction of the film thickness below 
100 nm. The reduction was such that only partial separation 
of the protein lubricating film occurred, thereby creating a 
risk of abrasive wear. In subsequent, another objective is to 
enhance the film thickness while simultaneously improving 
the overall surface roughness, thus ensuring the separation 
of the surfaces. The untextured surface of the Ti–6Al–4V 
alloy is hydrophilic in nature, and this hydrophilicity can be 
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supported by suitable texturing. Nevertheless, the improve-
ment in wettability is a combined effect of the roughness fac-
tor resulting from surface texturing, texture geometry and, 
of course, the material itself [82].The subsequent results 
with a textured surface clearly demonstrate an increase in 
film thickness, which supports previous claims. Addition-
ally, experimental studies on the effect of textures have 
demonstrated that, in addition to the change in wettability, 
the authors often describe the effect mainly as a change in 
hydrodynamic pressure. Also, the ability to capture proteins 
in contact using the geometry of textures acting as lubricant 
reservoirs has been observed [48, 55, 83]. In our work, for 

shallower textures of 0.4 and 1 µm, the separation is evi-
dent with a thickness of the lubricating film of 310–320 nm, 
which is significantly greater than surface irregularities. In 
the case of deeper textures, the separation of the surfaces is 
ductile, and the glass often collides with protrusions at the 
rim of the textures. Nevertheless, it is evident that film thick-
nesses above 230 nm can still be observed, which is many 
times the minimum roughness required for implants. Conse-
quently, texturing is beneficial. However, this requires addi-
tional surface treatment to remove irregularities. In the case 
of the Ti6Al4V alloy, the DLyte method used showed more 
satisfactory results than in the case of the CoCrMo alloy. 

Fig. 6   Analysis of film thick-
ness for the CoCrMo alloy 
before DLyte
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The objective is to eliminate significant irregularities while 
maintaining the original geometry of the surface, which 
implies that alterations in contact pressure are minimal.

The following results demonstrate the behavior of syno-
vial fluid in the contact area following electrochemical treat-
ment. The removal of the roughness has significantly shifted 
the range of potential roughness on the surface (area indi-
cated by the dashed line), significantly reducing the risk of 
abrasive wear. In the case of the reference sample, without 

the influence of the texture, it is possible to observe the limit 
values of the film thickness at a thickness of approximately 
60 nm. The nominal roughness of the given sample is up 
to 10 nm, with the possible presence of grooves caused by 
polishing, which increases the roughness. Under these con-
ditions, there is a risk of contact and wear of the articulating 
surface. The following results demonstrate a clear effect of 
the presented texture. For each texture, there was an increase 
in the thickness of the lubricating film above 180 nm. The 

Fig. 7   Development of lubrica-
tion film thickness for different 
depths of textures for Ti6Al4V 
before DLyte
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highest values were achieved for shallower textures of 
0.4–4 µm. These textures with parameter ε 0.013–0.133 cre-
ated a lubricating film with a significant overlap of surface 
irregularities. The thicknesses ranged from 280 to 321 nm, 
with the highest local surface roughness being 107.5 nm. In 
the case of the 6 µm texture, the film thickness was reduced 
to an average value of 180 nm. However, these differences 
are already predictable. On the one hand, they may be asso-
ciated with increasing depth and changes in hydrodynamic 
pressure, which is consistent with published studies [51, 52]. 

At the same time, the irregularity of the contact surface, 
which was evident on the observed interferogram, may also 
have an effect (Fig. 8). Such irregularities will affect both the 
contact pressure and may impede the accurate determination 
of the zero film thickness during calibration.

One of the limitations of the study is the pressure dis-
tribution in the contact region. In the future, it would be 
beneficial to consider a method that would allow for the 
production of a more accurate geometry, with the aim of 
more clearly separating the different processes in the contact 

Fig. 8   Development of lubrica-
tion film thickness for different 
depths of textures for Ti6Al4V 
after DLyte
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region. Additionally, it is important to note that the speci-
mens were fabricated using the same method as conventional 
implants, which provides a more realistic representation of 
implant function. To ensure the reliability of the results, it 
is essential to increase the number of tested samples with a 
uniform texture and to account for potential random protein 
transitions across the contact region.

Another factor to consider for future research is the 
DLyte process. In the case of the Ti6Al4V, it has shown 
clear results in improving the surface and removing the 
unwanted irregularities that cause abrasive wear. In combi-
nation with laser machining, it is essential to incorporate the 
method into the machining process. At the same time, the 
suitability of the method needs to be considered not only in 
terms of roughness reduction, but also regarding its poten-
tial to improve the corrosion resistance and possibly to alter 
the wettability. Newer methods, such as electrolytic plasma 
polishing, might be considered [84]. It is also necessary to 
consider other options for texturing where the roughness 
would be significantly lower. The main motivation for fur-
ther research is the focus on CoCrMo alloy, where we have 
not achieved satisfactory results. In this case, it is possible to 
use newer technologies such as laser shock peening, which 
uses high-energy laser pulses to induce compressive residual 
stresses in materials without causing melting of the material 
at the edges [85].

The variability of the synovial fluid composition should 
also be considered in the context of the results presented. 
In this study, we use clinical data based on the analysis of 
patient fluids after a joint replacement surgery [66]. Based 
on the results, a model synovial fluid that respects the given 
results and clinical data was prepared. However, there are 
variations due to the patient's age, sex, and general predispo-
sition. An important factor is the concentration of hyaluronic 
acid and phospholipids, which may influence the overall 
lubrication mechanism. It would, therefore, be interesting 
to investigate these interactions further, but as the results 
suggest, these will be outliers without changing the overall 
positive trend [78].

4 � Conclusions

The study provided a detailed description of the behav-
ior of micro-textures in hard pairs used in implantology. 
These are the commonly used CoCrMo alloy and a prom-
ising biocompatible Ti6Al4V alloy. Both materials are 
suitable for 3D printing, thereby facilitating the customi-
zation of the implants, which would markedly enhance 
the implant survival rates. The aim of this work was to 
evaluate the behavior of the lubricant film at the joint site 
for the smooth surfaces and subsequently for the textured 
surfaces. The tests were carried out in a pin-on-plate 

configuration using a specially modified tribometer with 
the ability to use colorimetric interferometry. The coef-
ficient of friction and the thickness of the lubricating film 
were evaluated, allowing us to assess the lubrication per-
formance and to describe the behavior of proteins passing 
through the contact. Texturing the surface of the Ti6Al4V 
alloy gives us three main advantages:

•	 Micro-hydrodynamic bearings,
•	 The complete surface separation of the articulating 

materials,
•	 Potential lubricant reservoir during lubricant film for-

mation.

In order to fully exploit the potential benefits of the tex-
tured surfaces, the laser-generated textures required further 
modification due to the appearance of significant irregulari-
ties at the rims of the textures. The DLyte electrochemical 
method was used to reduce the local irregularities and to cre-
ate the conditions for the formation of a smooth lubricating 
film. At the same time, the aim was to prevent the adhesive 
wear of the articulating surfaces. The result was an increase 
in the protein lubricating layer that was many times greater 
than the unevenness of the joint surface. Overall, this result 
indicated that the DLyte process can be used as a finishing 
process for surface texturing. At the same time, the results 
demonstrated the beneficial effects of the micro-texturing. 
The following conclusions were made:

•	 Ti6Al4V alloys exhibit a higher surface affinity with 
aggregated proteins, which is manifested by a thicker 
lubricating film relative to the conventionally used 
CoCrMo alloy.

•	 Micro-textures are a suitable tool to increase the film 
thickness and to minimize the possible abrasive wear 
of surfaces.

•	 The use of a picosecond laser causes the material to 
melt at the rim of the texture, which increases the risk 
of the abrasive particles being released upon contact 
and subsequently leads to an increase in wear. How-
ever, the electrochemical machining DLyte method has 
proven to be a suitable solution for the Ti6Al4V alloy, 
effectively eliminating these issues.

Furthermore, the performance of the lubrication mecha-
nisms varies depending on the wetting properties and sur-
face energy of the material. The rate of the protein deposi-
tion, and therefore lubrication, is affected by the contact 
pressure, the relative velocity, and the contact temperature.
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A B S T R A C T

This study conducts a tribological analysis of Ti6Al4V samples with and without surface structures, manufac
tured by 3D printing, to assess their suitability as friction pairs in joint replacements. The behaviour was analysed 
using a pin-on-plate tribometer under conditions simulating those typically observed in vivo, with a glass 
counterpart enabling optical observation. The grid structure outperformed other samples: while exhibiting 
comparable friction to a homogeneous surface, it was the only one capable of retaining albumin in the contact 
area and restoring the lubrication film after unloading. However, findings suggest further refinements are needed 
before the structure can be considered for application. Preliminary results indicate a need for greater proximity 
and regularity in structures to enhance performance.

1. Introduction

In the contemporary world, where individuals are striving to main
tain an active lifestyle even at an advanced age, and where there are 
numerous cases of injury, the research and development of joint re
placements represents an indispensable component of healthcare. 
Further advances may be made in the design of new types of joint 
replacement or the search for more suitable friction surfaces. The 
number of joint replacements performed is increasing annually. The 
observed trend between 2012 and 2023 reveals a sharp rise in the early 
years, followed by a stabilization of growth at approximately 15 % per 
year in recent years for hip and knee joints, according to the Annual 
Report 2024 from the American Joint Replacement Registry [1]. 
Nevertheless, the current generation of implants is not yet optimally 
developed for certain joints, necessitating early revision, which is highly 
undesirable. One joint where the utilisation of joint implants is less 
prevalent than that of the second possible intervention (arthrodesis) is 
the first metatarsophalangeal (1. MTP) joint of the big toe [2] with a 
decrease of 48 % for replacements and an increase of 76.9 % for 
arthrodesis between 2008 and 2017. This is primarily due to the limited 
lifespan of these implants, which is attributed to high rates of osteolysis, 
subsidence, and implant failure, necessitating revision surgery. It is 

important to highlight that the revision rate for this particular joint is 
relatively high. Titchener et al. [3] observed a revision rate of 24 %, with 
revisions occurring at a mean of 33 months following the initial surgery. 
Similarly, Barták et al. [4] reported complications in 37 % of cases, 
which necessitated revision surgery. The average time between the 
primary procedure and revision was 5.5 years, with a range of 4–7 years.

Currently, three predominant metallic biomaterials are utilized [5,6] in 
orthopaedic applications: stainless steel (most commonly SS 316 L), 
cobalt-based alloys (most commonly CoCr30Mo6), and titanium alloys 
(most commonly Ti6Al4V). When selecting a material for joint replace
ment, it is essential to consider its similarity to cortical bone in terms of 
mechanical properties. One key parameter in this regard is Young’s 
modulus, which typically ranges between 10–30 GPa for cortical bone. 
Comparing the values of common implant materials, SS 316 L exhibits a 
modulus of approximately 200 GPa, CoCr30Mo6 reaches 240 GPa, and 
Ti6Al4V has a modulus of around 110 GPa. Although none of these ma
terials perfectly match the mechanical properties of bone, titanium alloys 
exhibit the closest alignment. Nevertheless, the considerable disparity in 
elastic modulus may result in stress shielding [5], leading to bone 
resorption (osteolysis) and potentially result in implant loosening due to 
poor adhesion to the bone. Additionally, it includes vanadium (V) and 
aluminum (Al), which are known for their potential toxicity [5] and may 
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pose risks during long-term implantation. To mitigate these effects, alter
native titanium alloys [7–11], such as Ti–Nb–Zr–Ta–Si, Ti-15Zr-4Nb–4Ta, 
Ti–Nb–Zr–Ta–Si–Fe, Ti-24Nb-4Zr-8Sn, Ti-Nb-Ga are being explored to 
optimize osseointegration while reducing stress shielding and adverse 
biological responses.

In terms of design, various solutions have historically been used for 
1. MTP joint [12], including silastic double-stemmed flexible hinges, 
metallic hemiarthroplasties, and metal-on-polyethylene (MoP) total toe 
implants. Recently, experiments have also begun with alternative ma
terials [13], such as gelfoam, synthetic artificial cartilage, and pyro
carbon. For example, pyrocarbon exhibits significantly lower wear 
compared to CoCr discs when tested with UHMWPE pins [14], which is 
attributed to higher adherence of phospholipids on the pyrocarbon 
surface and less UHMWPE attachment. This property suggests that 
pyrocarbon reduces adhesive wear. These days, typically the MoP 
configuration is used, while the metallic material most commonly uti
lised for the friction pair is CoCr30Mo6 alloy. However, in other com
ponents of the implant, Ti6Al4V alloy is often used to secure it to the 
bone [15,16] due to its material properties, which are more similar to 
those of human bone, thus facilitating the desired osteointegration [17]. 
In recent years, 3D printing has emerged as a prominent technology 
across all fields of manufacturing. This trend is also evident in the field 
of joint replacements [18,19], where the most commonly utilised ma
terial is the aforementioned Ti6Al4V alloy [20]. In the context of 3D 
metal printing, a number of possible methods have been identified [20], 
including laser powder bed fusion (L-PBF) and electron beam melting 
(EBM). L-PBF technologies, such as DMLS and SLM [5], enable the 
production of intricate and precise structures that are challenging to 
achieve with traditional manufacturing methods. These techniques 
facilitate the creation of implants with optimized shapes, including 
lightweight, porous, or lattice designs, which better align with the me
chanical characteristics of bone and promote better integration with the 
surrounding tissue. Additionally, implants manufactured through L-PBF 
can reach material densities as high as 99 %, ensuring strong and du
rable components with excellent quality. Among benefits, such as indi
vidualisation and simplification of implants, other benefit of additive 
manufacturing is demonstrated in several studies [21,22] which indicate 
that the wear can be notably reduced through the use of additive 
manufacturing in comparison to conventional casting methods. In terms 
of research on Ti6Al4V alloy as a friction pair for implants, the current 
literature remains limited. Some studies have addressed the corrosion 
behaviour of this alloy—for instance, Fischer et al. [23] reported that, 
compared to conventionally manufactured Ti6Al4V, SLM-Ti6Al4V ex
hibits distinct electrochemical behaviour due to its unique surface oxide 
layer and microstructure, influencing corrosion resistance and protein 
adsorption. Similarly, Patel et al. [24] concluded that CoCr30Mo6 is 
more susceptible to degradation under combined mechanical and cor
rosive conditions, whereas Ti6Al4V offers greater durability for 
load-bearing orthopaedic implants.

The lubrication mechanism of joint replacements is a highly complex 
problem, as the joints are lubricated by synovial fluid (bovine calf serum 
in certain laboratory experiments), which is a highly complex non- 
Newtonian fluid [25] and also contains proteins that may behave 
differently under certain conditions [26]. Several studies have explored 
the behaviour of synovial fluid and the role of its components in joint 
lubrication. Myant et al. [27] demonstrated that the contact collects 
proteins to form a protein-gel phase with higher viscosity, resulting in a 
thicker film than predicted by classical elasto-hydrodynamic (EHD) 
lubrication theory, with behaviour influenced by contact conditions and 
lubricant properties, and later proposed a novel lubrication mechanism 
[28], named Protein Aggregation Lubrication (PAL), which is applicable 
to contact pairs lubricated by synovial fluid or any kind of lubricant 
containing proteins. This mechanism is based on the formation of a 
high-viscosity reservoir in the inlet zone. The reservoir is principally the 
consequence of shear aggregation of protein molecules within the inlet 
flow field. Subsequently, Lu et al. [29] validated computational 

lubrication models for hip replacements by comparing numerical pre
dictions and experimental measurements of film thickness in a 
CoCr-on-glass hip bearing. While the model accurately predicted film 
thickness for low-viscosity mineral oil, it failed for bovine serum due to 
limitations in the viscosity model. Authors then proposed a new effective 
viscosity equation to improve predictions for protein-containing lubri
cants under transient conditions. Later, the lubrication mechanism was 
also described using an analytical model by Nissim et al. [30], which 
demonstrated that the mechanism can be modelled using classical EHD 
lubrication theory, supplemented by a protein concentration-dependent 
constitutive equation for fluid viscosity. It has been demonstrated that 
certain dependencies exist with regard to the behaviour of synovial 
fluid. It is evident that proteins form specific layers that facilitate an 
overall lubrication mechanism [31,32]. Nečas et al. [31] proposed a 
model in which γ-globulin strongly adsorbs onto surfaces, creating a 
boundary lubricating layer. This layer is further stabilized by hyaluronic 
acid (HA) and phospholipids, which enhance its strength and stability. 
Additionally, albumin contributes to improved lubrication by forming 
additional layers. In a similar vein, Tan et al. [33] introduced a 
dual-layered lubrication mechanism for artificial joints, comprising an 
adsorbed boundary layer and a liquid film. Their model shows that 
bovine serum γ-globulin BSG forms stronger adsorption layers than 
bovine serum albumin (BSA), highlighting its greater importance in joint 
lubrication and also showed the importance of HA in terms of protein 
aggregation as the formation of HA-protein chains helps preserve pro
tein conformation, leading to a significant reduction in friction and 
wear. In protein-based lubricants [34], the friction coefficient increases 
due to protein adsorption and denaturation, with friction rising as 
sliding speed increases. Phospholipids contribute to higher friction be
tween CoCr30Mo6 alloy and UHMWPE by diffusing into polyethylene, 
causing plasticization and a time-dependent increase in friction. On the 
other hand, the presence of HA reduces friction by increasing lubricant 
viscosity and forming a fluid film. Moreover, Murali et al. [35] showed 
that phospholipid liposomes can significantly enhance friction and wear 
performance by forming a protective multi-layered film on contact 
surfaces, stabilized through electrostatic interactions, thereby creating 
an effective lubricating layer.

The application of surface texturing has been demonstrated across a 
wide range of machine components. This includes the field of human 
joint replacements, where it has been proved that textures can perform 
four potential functions. These functions are as follows: acting as res
ervoirs for lubricant, providing space for the accumulation of debris 
generated by wear, functioning as micro-hydrodynamic bearings, and 
reducing the nominal contact area [36]. These effects collectively 
contribute to a reduction in the overall wear rate, which represents a 
primary objective in the field of joint replacements, as the ability of the 
prosthesis to last as long as possible in the patient’s body is the main 
goal. A variety of shapes, depths and layouts [36,37] were evaluated in 
terms of their suitability for use. It has been demonstrated that the uti
lisation of textures in the contact area may serve to increase the coef
ficient of friction (CoF). Nevertheless, Shen et al. [38] showed that 
surface texturing improves tribological performance by reducing fric
tion and preventing surface wear. The even distribution of texturing 
patterns proves to be most effective for artificial joints, and demon
strating that optimal surface roughness combined with surface texturing 
can improve tribological performance, and the results of the long-term 
testing indicate that there is a positive effect on durability, as it was 
demonstrated that the microstructures are capable of trapping hard 
wear particles [39], which do not further contribute to secondary wear. 
Surface texturing of joint implants showed positive behaviour in the 
context of reversal sliding motion [40], which is characteristic of human 
movement during typical walking activities, by quick decrease in coef
ficient of friction. Shen et al. [39] showed that textures with sharp 
corners are not the optimal choice for human joint implants, as it leads 
to interlocking phenomenon. The authors subsequently assigned a 
ranking to the texture parameters, identifying the following as the most 
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influential: area density, size, geometry, depth and distribution mode. 
The existing literature on the subject of dimple-shaped textures is replete 
with discussion of their behaviour, which can be characterised as 
affecting the pressure distribution in the contact area and changing the 
thickness of the lubricating film at the dimple interface [41]. An increase 
in thickness was observed at the rear end, while conversely a decrease in 
thickness was noted at the sides and front in direction of passing through 
the contact area. Liu et al. [42] studied the effect of textures with 
different cross-sections on Ti6Al4V alloy and demonstrated their suit
ability for interaction with gelatin microgel particles. All types of tex
tures showed a reduction in the coefficient of friction compared to the 
non-textured surface. From the perspective of short-term tests, the 
study by Ranuša et al. [43] showed a positive influence on the lubricant 
film thickness through texturing, while also minimizing the possible 
abrasive wear of surfaces. Wang et al. [44] demonstrated the potential of 
using an additively manufactured Ti6Al4V alloy, which was textured 
using a laser, and then applied a self-lubricating coating based on 
Ti-TiN/PTFE to the resulting dents. The tested pair exhibited a consis
tently low friction coefficient of 0.12 and showed almost no weight loss. 
The tribological performance is attributed to the formation of a durable 
lubricant film, which is continuously replenished by the release of PTFE, 
aided by the capture of abrasive particles.

This paper builds upon our previous research [45], which demon
strated that the behaviour of the Ti6Al4V alloy is not entirely optimal. 
Nevertheless, the material can be used in the manufacture of small joint 
replacements, provided that the surface of the specimen undergoes some 
form of modification. The decision was taken to employ 3D printing 
technology to create structures on the sample surface for the purposes of 
this research, with the objective of answering the following question: 
“What is the effect of a controlled surface structure on the tribological 
behaviour of the friction surface of an additively manufactured Ti6Al4V 
alloy?” To address this question, the research focused on the description 
of outcome variables, such as lubrication film thickness, fluorescence 
intensity (the local concentration and distribution of protein albumin in 
the contact area), coefficient of friction, and wear scars after the ex
periments. the development of protein albumin contained in the model 
synovial fluid during the experiment in the contact area, as well as the 
analysis of friction and the analysis of the wear scar after the experi
ments. These variables were analysed for both the textured and 
non-textured surfaces to evaluate differences in their tribological 
performance.

2. Materials and methods

The study involved experiments on a tribometer (schematically 

depicted in Fig. 1) with a pin-on-plate configuration that allowed 
reciprocal motion [32,45,46]. Moreover, the simulator employed per
mits the simultaneous measurement of the coefficient of friction and 
observation of the contact area due to its construction.

The experiments were primarily designed to describe the thickness of 
the lubrication film and its development. Two optical observation 
methods were employed, as illustrated in Fig. 2. The primary method
ology employed was colorimetric interferometry [47], which was 
augmented by fluorescent microscopy [48] in order to gain insight into 
the behaviour of protein albumin within the contact area.

2.1. Contact pair and lubricant

The experimental contact pair consisted of pins manufactured from 
the Ti6Al4V alloy and the B270 glass from the supplier L.E.T. opto
mechanika Praha, spol. s r.o. with the surface roughness of ~6 nm, a 
Younǵs modulus of 71 MPa, and a Poissońs ration of 0.22. The glass 
component was a necessary for enabling observation of the contact area 
using optical methods. Furthermore, the glass employed in experiments 
conducted with the use of colorimetric interferometry was coated with 
chromium (reflectivity of 25 %) and an anti-reflective layer on the other 
side produced by CRYTUR, spol. s r.o., thereby enhancing its function
ality and resulting in higher surface roughness of ~13 nm. The pins were 
manufactured using Laser Powder Bed Fusion (L-PBF) technology from 
Ti6Al4V Grade 23 powder, which meets the ASTM F3001 specification. 
The SLM 280 HL 3D printer from Nikon SLM Solutions AG was used, 
which is equipped with a near-infrared ytterbium fibre laser with a 
maximum power of 700 W and a beam diameter of 82 μm, exhibiting a 
Gaussian power distribution. The L-PBF samples were fabricated with a 
layer thickness of 30 μm and under an inert gas (argon) with a maximum 
oxygen concentration of 0.05 %. In total, three variants of the pin were 
produced, each with a diameter of 9.8 mm and height of 12 mm. The 
first variant was produced with a homogeneous surface, whereas the 
second and third variants were manufactured with a surface structure 
designed to simulate texturing, created directly during the 3D printing 
process. The second and third types of pins had a structure based on the 
meander printing strategy with a rotation of either 0◦ or 90◦ in each 
layer, respectively (see Fig. 3). The process parameters for the creation 
of the structures were set as follows: hatch distance 0.179 mm, laser 
power 100 W, and laser speed 450 mm/s. The surface structure was 
created at a height of 2 mm. In order to conduct the comparable ex
periments, the surface of each pin (homogenous, grid-structured, line- 
structured) was ground and polished to a curvature radius of 100 mm 
and surface roughness (with masked structures) of Ra = 60 ± 10 nm. 
The samples were not subjected to a heat treatment process as Khun [49]
showed that such a process does not significantly impact the wear rate of 
the 3D printed Ti6Al4V, on the contrary, deterioration may occur at 
elevated temperatures.

The contact pair was flooded with a model synovial fluid that had 
been prepared synthetically and which corresponded in composition to 
the synovial fluid extracted from patients who had undergone arthro
plasty [50]. The composition of the model synovial fluid is as follows: 
albumin (26.3 mg/ml), γ-globulin (8.2 mg/ml), hyaluronic acid 
(0.82 mg/ml), and phospholipids (0.35 mg/ml), which were diluted in 
phosphate-buffered saline (PBS). Given the potential for fluorescence 
microscopy, it was essential to stain the protein albumin with fluores
cent markers. The staining of albumin was achieved through the use of 
fluorescein-5-isothiocyanate (FITC). The exclusive observation of albu
min was chosen based on a previous study by Nečas et al. [31], which 
demonstrated that albumin plays a key role in the formation of the 
lubrication film. This finding was further supported by the fact that the 
behaviour of the complex solution (containing albumin, γ-globulin, and 
HA) closely resembled that of the solution with albumin alone.

Fig. 1. Tribometer with pin-on-plate configuration.
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2.2. Experimental design and evaluation of the results

The experiments were designed to simulate, to some extent, the 
behaviour of a small human joint, namely the metatarsophalangeal joint 
of the big toe (1. MTP). In the absence of ISO standards defining the 
loading and kinematic conditions in this joint, information from avail
able studies were used. The movement of this joint in a healthy condi
tion was described by Durrant et al. [51], while Allan et al. [52]
provided additional information on the kinematics of the joint in the 
sagittal plane. In addition, Al-Munajjed et al. [53] described another 
important parameter, namely the contact pressure generated in the 1. 
MTP joint. Based on these findings, the experimental conditions for 
reciprocal movement were selected as shown in Table 1, corresponding 
to the analysis we conducted in the preliminary study [45]. Due to a 
certain randomness in the dents on the tested samples, a uniform loading 
force was applied across all tests. However, this results in variations in 

the actual contact pressure among individual samples, as the size of the 
contact area is influenced by the dents. The reference contact pressure 
was calculated based on contact Hertz theory for the sample with a 
homogeneous surface in contact with glass, which is 35.1 MPa. The 
entire experiment consisted of a total of 60 cycles. Subsequently, 
following every 20 cycles, the contact pair was relieved (simulating joint 
unloading), which lasted for five minutes. The aforementioned interval 
was also used for the storage of the acquired image records during the 
measurements.

A subsequent challenge that had to be addressed in the experimental 
design was the orientation of the structures during measurement. Based 
on the potential for comparison of the resulting data, the orientations 
were selected as follows: samples with line structures were tested so that 
the resulting dents (lines) were parallel to the direction of motion. This 
approach was selected in preference to testing lines perpendicular to the 
motion, as previous studies had not identified any benefit in doing so, 
due to the disruption of the lubricating film or even a complete collapse 
[54] that can be caused by outflow of the lubricant on sides of the 
groove. In accordance with the aforementioned selection of the line 
structure, the grid structure was also subjected to a corresponding rule, 
whereby the axis of the dents was consistently determined and aligned 
with the orientation of the movement (see Fig. 4).

The evaluation of the experiments was based on the methodology 
presented in the preliminary study [45]. The experiments were 

Fig. 2. Schemes of optical methods: Colorimetric interferometry (left) and Fluorescent microscopy (right).

Fig. 3. The surface structure of tested pins and schematic representation of the printing strategy.

Table 1 
Experimental conditions.

Normal load Stroke Speed Frequency Number of cycles

1 N 20 mm 20 mm/s 0.5 Hz 60*

* Each experiment included an interruption after each 20 cycles to simulate 
joint unloading.
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evaluated in a single direction of motion, with the friction coefficient 
obtained from the mean of the filtered values from the entire area (the 
dead ends of the cycle were not considered in the evaluation). With 
regard to the evaluation of the lubrication film thickness and subsequent 
experiments conducted using fluorescence microscopy, the midpoint of 
the aforementioned one-way motion was identified as the optimal point 
for analysis as it is not affected by dead ends and the lubrication film is 
stable. The resulting values were subsequently plotted in the graphs 
presented in the Results and Discussion sections. The evaluation prin
ciple is illustrated in Fig. 4. In order to evaluate the results of the optical 
observations, custom software [47,55] were employed to obtain precise 
data regarding the thickness of the lubricating film and the concentra
tion of albumin protein in the contact area.

3. Results

To ensure sufficient repeatability for each tested sample, all experi
ments from which the final graphs for friction and lubrication film 
thickness are shown were repeated three times. In all graphs, individual 
samples are distinguished by colour. The colour grey is used to indicate a 
pin with a homogeneous surface, blue for a pin with a grid structure and 
red for a pin with a line structure. Furthermore, the vertical dashed line 
represents the load relief phase, as described in the Materials and 

Methods section.
With regard to the friction coefficient, it can be observed that the 

value increased from the beginning of the experiment, but subsequently 
reached a similar value of approximately 0.43 for the homogeneous 
surface and grid structure. In contrast, the stabilisation for the line 
structure occurred at a value of approximately 0.48. The frictional 
behaviour of all samples is illustrated in Fig. 5. The most notable 
distinction was observed in the second phase of the experiment for the 
grid structure (20–40 cycles), where a considerable decline in the fric
tion coefficient was evident after the unloading phase. Following a few 
cycles, the coefficient of friction approached the values of the sample 
with a homogeneous surface and followed a similar development and 
stabilisation trajectory. The experiments with the line structure exhibi
ted the least visible discrepancies across the repeatability tests, indi
cating that this structure may offer the most stable contact pair 
behaviour. However, the coefficient of friction was the highest among 
the other samples.

The results obtained from the observation of the lubrication film 
thickness using colorimetric interferometry demonstrated that the 
lubrication film was disrupted for all samples at a specific stage of the 
experiment, typically prior to the end of the initial phase. This finding 
indicates that the incorporation of this phase did not negatively impact 
the formation of the lubrication film at the first sight as the disruption 

Fig. 4. Experimental design – orientation of samples during experiments (left); Scheme of the experimental evaluation principle (right).

Fig. 5. CoF for individual samples with shown repeatability (left); comparison of the average values (right).
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occurred even before this phase. This resulted in the friction pairs 
coming into contact with one another, thereby eliminating the possi
bility of separating them with the lubrication layer and, consequently, 
reducing the wear of contact pairs. The observation indicated that the 
implemented unloading phase affected the behaviour of the samples 
comprising the grid structure, but not those of the other samples. The 
samples with a grid structure exhibited an increase in the lubrication 
film between the initial and second phases of the experiment, resulting 
in the restoration of the lubrication film and the desired separation of 
the friction pairs. However, the lubrication film once again failed after a 
few cycles. The second unloading phase had no further effect on the 
behaviour of the lubrication film thickness. A comparison of the average 
values of the film thicknesses revealed comparable trends for samples 
with a grid structure and a homogeneous surface, which aligned with the 
results of friction. In contrast, samples with a line structure exhibited a 
notable reduction in film thickness. However, the observed differences 
in the average lubrication film thicknesses should be interpreted with 
caution, as they varied to some extent across repeatability.

To reinforce the insights gained from the friction and lubrication film 
thickness analyses, fluorescence microscopy was employed to examine 
the stained protein albumin and its behaviour within the contact region 
of the tested samples (see Fig. 7). Highly overexposed spots (structure 
dents), where the protein concentration is clearly higher due to trap
ping, were excluded from the evaluation using a threshold to avoid 
potential bias in the results. In terms of protein concentration in the 
contact area, the grid-structured samples exhibited the most favourable 
results, followed by the homogeneous samples, and the lowest concen
tration was observed in the line-structured samples. With regard to the 
grid structure, the most notable impact was observed after the unloading 
phase, where the protein concentration took several cycles to return to 
the anticipated level, therefore contributing to the load-carrying ca
pacity of the lubrication film, and delaying direct contact between the 
friction bodies. In the case of the homogeneous surface, this occurred 
within two to three cycles. In contrast, no protein increase was observed 
in the contact area after unloading phase for the line structure.

Moreover, the static loaded images of the contact area before and 
after each phase of the experiment were compared within the fluores
cence microscopy to evaluate the behaviour of the protein albumin and 
its capability to maintain within the contact area. It can be observed that 
the initial phase represents an outlier, as during this stage of the 
experiment, there was an increase in albumin concentration within the 
contact region for the homogeneous surface and grid structure, thereby 
forming some kind of layer. Whereas there was a decrease for the line 
structure. A comparison of the subsequent phases reveals a similarity in 
the pattern of the waveforms, with a consistent decline in concentration 
throughout the experimental period, when the albumin concentration 
stabilizes at the end of the experiment at a similar value to that estab
lished at the end of the first phase.

The images produced by the profilometer following the experiments 
indicate that the wear of contact bodies was not extensive. As the ex
periments were conducted only over a limited period (60 cycles), only 
the wear scars were analysed, as the wear rate would not have provided 
sufficient insight. It is notable that the samples exhibited certain dif
ferences. The sample with a homogenous surface exhibited the visually 
most pronounced change from the stage before the experiment. This 
sample also exhibited the occurrence of grooves, which were accom
panied by areas where the material was observed to be pushed upwards 
during the course of the experiment. Only slight deformation at the 
middle of the contact area was observed for the line structure, while 
virtually no wear was observed for the grid structure. Furthermore, the 
images demonstrate that the created structures exhibit sunken edges, 
which eliminates the possibility of any negative influence on the 
behaviour observed during the experiments.

4. Discussion

4.1. General discussion

The objective of the presented study was to provide a detailed 
description of the tribological behaviour observed in three distinct 
specimens, all of which were manufactured using 3D printing technol
ogy from a Ti6Al4V alloy. Measurements and observations included: the 
friction coefficient, lubrication film thickness (colorimetric interferom
etry), development of protein ablumin in synovial fluid (fluorescence 
microscopy), and wear scars. The first sample was produced with a 
homogeneous surface. The second and third samples were created with a 
surface structure produced directly by 3D printing, with the resulting 
structures being of a grid and line-based configuration in accordance 
with the method of production. The experiments were conducted on the 
tribometer with a pin-on-plate configuration utilising a reciprocal 
movement using a synthetically prepared model synovial fluid as a 
lubricant. The kinematic and loading conditions were set in accordance 
with those employed in our preliminary study [45], which were as fol
lows: a normal load of 1 N, a stroke of 20 mm, a speed of 20 mm/s, and 
60 cycles with an interruption after each 20 cycles to simulate the joint 
unloading.

The results for the friction coefficient exhibited a comparable trend 
across all tested samples, which could be characterized by a gradual 
initial increase and subsequent stabilization at a value around which it 
fluctuated. However, a notable difference was observed in the case of the 
grid structure, where a partial decline in the coefficient of friction was 
evident following the initial phase of the experiment, with a reduction 
from approximately 0.43 to approximately 0.38. The reduction in the 
coefficient of friction at the beginning of the second experimental phase 
was presumably associated with an increase in the thickness of the 
lubrication film and a momentary separation of the friction pairs (see 
Fig. 6), which occurred following the unloading and reloading between 
the first and second experimental phases. This phenomenon was not 
observed in the other samples and could not be attributed to measure
ment error, as the similar trend was consistent across different samples 
with the grid structure during the repeatability testing. A number of 
studies have demonstrated a certain reduction in the coefficient of 
friction [56,57] following surface texturing. However, this dependence 
was not observed in the results of the present study, which may be 
attributed to a number of factors, including the application of different 
loads, relative velocities and contact materials. This was also demon
strated by Lee [58], who investigated the metal-on-metal contact pair. 
Following the application of textures, an increase in the friction coeffi
cient was observed.

The results obtained from the colorimetric interferometry (see . 6) 
demonstrate that the lubrication film was disrupted, resulting in direct 
contact between the friction pairs. The images obtained did not reveal 
the formation of the PAL (a typical cluster of proteins in the inlet zone of 
the contact), as described by Myant et al. [28], even though a suffi
ciently thick lubricating film was present during the first few cycles. This 
can be mainly attributed to the different experimental conditions 
applied, primarily the lower sliding speeds used in our experiments. The 
most developed model of contact behaviour with synovial fluid, or more 
specifically with a lubricant containing proteins, was presented by 
Nissim et al. [30]. However, the conclusions of this study cannot be 
directly applied to the model used here, which operates under specific 
kinematic and loading conditions, including protein concentrations that 
differ from those used in our study. Nevertheless, the results of this study 
clearly show that the behaviour of the lubrication film does not align 
with classical EHD theory, and it is thus evident that lubrication with 
this type of SF depends on additional variables that the basic model does 
not reflect. In terms of lubrication film formation, differences can be 
observed compared to the homogeneous pin, such as the ability to 
restore the film after the completion of one experimental stage. Ranuša 
et al. [43] also presented a positive effect of dents, which were created 
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by targeted texturing and led to global increases in lubrication film 
thickness. Fluorescence microscopy revealed that the proteins are 
capable of forming a layer between the friction pairs. As illustrated in 
Figs. 7 and 8, protein albumin initially exhibits a tendency to be pushed 
into the irregularities on the surface of the samples during the initial 
phase of the experiment. This is followed by the formation of a thin 
boundary layer between the contact pairs, whereby the proteins adhere 
and become distributed across the surface. Liu et al. [42] demonstrated 
that surface textures are suitable for trapping and increasing the local 
concentration of gelatin particles. Although this specific aspect was not 
investigated in our study, it can be clearly stated that the textures act as 
reservoirs for the protein albumin, as evidenced by the fluorescence 
microscopy images showing significantly higher fluorescence intensity 
in the dent areas. This indicates the potential of the dents to positively 
influence the behaviour of the contact pair. The fluorescence intensity 
(quantity of proteins in the contact area) at the culmination of each stage 
is comparable between the homogeneous surface and grid structure, 
indicating the presence of a stable layer of adhered proteins. Based on 
the observations made, it was noted that following the unloading and 
reloading between phases, other proteins entered the contact area. 
However, they lacked the necessary strength of bonds to maintain their 
presence in the contact area, and after a few cycles, they were washed 
out. Moreover, a correlation can be observed between the development 
of the coefficient of friction and the accumulation of adhered proteins in 

the contact area. Initially, as the number of proteins increases, the co
efficient of friction rises gradually. Subsequently, as the protein con
centration in the contact area stabilises, forming a stable thin layer, the 
coefficient of friction also reaches a steady state. This correlation has 
been previously demonstrated [34,59], whereby an increase in the 
quantity of proteins present in the contact area is accompanied by an 
increase in the coefficient of friction.

Based on the results (see Fig. 8), we can observe that the grid 
structure samples contain the highest amount of albumin in the contact 
area compared to the other samples. This suggests that a thicker protein 
layer formed on these samples, which was not washed away during the 
experiment and provided better protection against wear-induced dam
age of the contact pairs [33]. The graph (see Fig. 10) illustrates the 
evolution of protein albumin over the course of one half cycle. In order 
to facilitate analysis, a representative evolution was selected (repre
sented by the 10th cycle of the experiment), as by this stage, the lubri
cation film and protein presence in the contact area had stabilized. In the 
initial cycles, an excessive amount of proteins was present in the contact 
area but was gradually displaced during movement. Selecting the 10th 
cycle helped eliminate potential random variations observed during the 
first few cycles. The y-axis displays the normalised fluorescence in
tensity, enabling comparison of the trends across experiments conducted 
with fluorescence microscopy. Ambient light can significantly impact 
these experiments, making direct comparison challenging without 

Fig. 6. Evolution of lubrication film thickness for all tested samples with shown repeatability (top); comparison of the average values (middle); images from 
colorimetric interferometry (bottom).
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normalisation. To this end, the initial value was shifted to 0, facilitating 
the presentation of dimensionless trends within the evaluated experi
mental area. The analysis is based on the evaluation of fluorescence 
intensity in the close area around the contact, which serves as an indi
cator of the presence of protein albumin. The homogeneous surface 
exhibited a typical non-stable evolution, whereby the clusters of pro
teins traversed the contact area and were unable to remain present 
within it. This was due to their inherent ability to adhere to the surface, 
which enabled them to pass freely through the contact area. In contrast, 
the structured samples exhibited a distinct behaviour. An improvement 
was observed for the sample with a grid structure, whereby the quantity 
of proteins present in the contact area increased from the original value 
and remained relatively stable throughout the course of a single cycle. 
However, the amount of protein in the contact area for the sample with a 
line structure remained below the original value for the entirety of the 
cycle, indicating that this structure was not optimal in terms of protein 
retention. Furthermore, it is evident that the quantity of protein albumin 
present within the contact area is considerably diminished in the case of 

the line structure. This is evidenced by the markedly reduced intensity of 
the stream observed in the outlet zone, in comparison to the other 
samples, where the stream of proteins exiting the contact area is 
distinctly visible on the right-hand side of the images (see Fig. 10).

It was evident that the wear of all samples produced via 3D printing 
technology (see Fig. 9) had improved from the samples prepared from 
Ti6Al4V using conventional methods in our preliminary study [24]. 
Furthermore, the absence of deep grooves that were observed for these 
samples indicated a notable enhancement in the quality of the printed 
samples. The most relevant improvement was observed in the sample 
with a grid structure, where it was not even possible to find a wear area 
on the samples after the experiments. It was even possible to record 
released wear particles moving within a created dimple using colori
metric interferometry during the experiment. This confirmed their 
ability to trap these wear particles [60] and prevent them from 
contributing to secondary wear.

Fig. 7. Evolution of contact area coverage by protein albumin during the whole experiment (top) and fluorescence microscopy images for each sample (bottom).

Fig. 8. Coverage of the sensed area (3 times larger in diameter than contact area) by protein albumin in static images before and after the phases of experiment.
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4.2. Data repeatability

Based on the findings, it can be clearly observed that repeatability of 
the results is achievable, but the results are not perfectly identical, which 
is phenomenon typical for the biotribological experiments. This fact may 
be mainly attributed to the behaviour of the synovial fluid, which is a 
highly complex fluid [50] with non-Newtonian behaviour and it com
prises components that can potentially influence its overall behaviour 
[61] based on the experimental setup and conditions. Another aspect is 
the fact that the samples were created using 3D printing, where the 
perfect match of the created structure on the surface (grid or line) was 
not guaranteed, as some of the expected dents may have been blinded 
during the production (see Fig. 3). As a result, these differences can lead 
to slightly different contact areas and contact pressures, which can 
negatively affect the repeatability. However, if we look at the plots 
obtained in the Results section, we can see that the values vary slightly 
across measurements, but the trends are identical. For this reason, 
repeating each experiment three times was chosen as sufficient to 
illustrate the repeatability properly.

4.3. Limitations of the study

One of the fundamental limitations of the study is the use of glass as a 
counterpart in the experiments. However, this choice was necessary in 
order to make observations of the contact area using optical methods, 
which would not have been possible with a non-transparent material. 
This approach increased the contact pressure and reduced the contact 
area in comparison to the real joint replacement, in which the metal 
material is in contact with the ultra-high molecular weight polyethylene 
(UHMWPE). In numerical terms, this represents an increase from 
2.4 MPa to 35.1 MPa based on contact Hertz theory, accompanied by a 
change in the circular contact area from a diameter of 0.887 mm to 
0.233 mm. It is acknowledged that these values may appear disparate; 
however, in the context of understanding the phenomena occurring 
within the contact area and conducting fundamental research, they are 
deemed to be acceptable.

A further potential discrepancy may emerge with regard to the di
mensions of the contact area and the level of contact pressure, as a 
consequence of the specific structures present on the surface of the 
samples. It would be challenging to calculate the same contact pressure 
and, consequently, contact area size due to the random arrangement of 
the structures, which would make any such calculation highly 

unreliable. Accordingly, a methodology was established whereby all 
samples were evaluated under identical normal force conditions, 
resulting in minor fluctuations in contact pressure and contact area size 
due to the distribution of structures. It is also noteworthy that the results 
of the experiments indicated the development of only protein albumin. 
This decision was made on the basis of the time-consuming nature of the 
experiments, given that albumin is the most concentrated protein in the 
synovial fluid. Moreover, it has been demonstrated [31] that albumin 
plays a fundamental role in the formation of the lubricating film. 
Nevertheless, future research could benefit from exploring the effects of 
other components found in our model synovial fluid, such as γ-globulin, 
HA, and phospholipids. Alternatively, it may be valuable to investigate 
the possibility of developing a model synovial fluid that more closely 
mimics the composition and characteristics of the natural synovial fluid 
present in human joints.

5. Conclusions

This study demonstrated that 3D printing technology enables the 
production of structured surfaces that could potentially be implemented 
in artificial joint replacements. Specifically, Ti6Al4V alloy was addi
tively manufactured in three surface variants: homogeneous, grid- 
structured, and line-structured. The selected manufacturing method 
proved effective, requiring only a finishing operation (polishing) to 
achieve a surface with promising properties. The tribological perfor
mance was assessed using a pin-on-plate configuration, where the plate 
was made of glass to enable optical observation of the contact area 
during the experiment. The study focused on measuring friction, lubri
cation film thickness, and the evolution of albumin proteins, as well as 
analysing the surface of the samples after testing.

The main conclusions of the article are summarised in the following 
bullet points: 

• The 3D printed samples with a grid structure exhibited the most 
promising results in terms of their potential applicability as a friction 
surface for human artificial joints. 
o Friction values were comparable to homogeneous surfaces.
o Lubrication film restoration was observed after unloading, unlike 

in other samples.
o Higher and stable presence of protein albumin in the contact area, 

indicating potential for lubrication film stability.

Fig. 9. Comparison of contact area before and after the experiment: homogenous (left), grid structure (middle), line structure (right).
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Further research should focus on optimizing printing parameters or 
exploring alternative 3D printing methods to achieve finer and more 
regular structures that better match the intended application. In addi
tion, the application of coatings could enhance the tribological perfor
mance of these surfaces, as suggested by other studies. These 
modifications may help reduce wear and improve the stability of the 
lubrication film, which is crucial for long-term functionality. To further 
validate the potential of this approach, long-term wear tests will be 
conducted to assess the durability and performance of the produced 
surfaces under realistic operating conditions.
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A B S T R A C T

In this study, a comprehensive investigation of long-term wear and extended fluorescent experiments was sup
ported by microstructural and chemical analysis. The aim was to compare the differences between a 3D printed 
Ti6Al4V alloy with a controlled surface structure created directly during the 3D printing process with a 
conventionally manufactured CoCr30Mo6 alloy. The primary equipment consisted of two tribometers with a pin- 
on-plate configuration. This enabled conducting these two types of experiments under kinematic and load 
conditions closely resembling in vivo environments. The Ti6Al4V alloy consistently outperformed the conven
tional alloy, showing lower wear of the UHMWPE plate and the tested pins. Additionally, fluorescence micro
scopy revealed that lubrication film formation was more stable for Ti6Al4V, with longer retention of all model 
synovial fluid constituents in the contact area. The results demonstrate the potential of 3D printed Ti6Al4V alloy 
as a material for frictional surfaces in joint implants. However, there are still opportunities for improvement, 
such as applying coatings to enhance performance.

1. Introduction

The 21st Annual Report by the National Joint Registry [1] reveals 
that a total of 1,682,998 primary hip replacements have been performed 
since the registry’s establishment in 2003 in all participating hospitals 
across England, Wales, Northern Ireland, the Isle of Man, and Guernsey. 
The metal-on-polyethylene (MoP) combination was the most prevalent, 
accounting for 868,700 cases, which represented approximately 52 % of 
all cases. These data indicate that MoP implants remain the most widely 
used in clinical practice despite ongoing advances in joint replacement 
research and technologies. The long-term performance of these types of 
joint implants is often limited by wear and degradation of the articu
lating materials. Typically, it is composed of ultra-high molecular 
weight polyethylene (UHMWPE) due to its favourable biocompatibility 
and low coefficient of friction (CoF). However, this contact pair also 
presents certain disadvantages, such as severe wear and the generation 
of wear debris during sliding against a harder metallic counterpart [2], 

which can result in osteolysis and aseptic loosening [3,4], which are the 
leading causes of revision surgeries.

The most prevalent metallic components of joint implants are still 
made from either cobalt-chromium, titanium, or stainless steel alloys [5, 
6]. The most widely employed titanium alloy (Ti6Al4V) is extensively 
utilised in components that facilitate the secure integration of implants 
into bone tissue. This phenomenon can be attributed to its low modulus 
of elasticity, a property that enhances the process of osteointegration 
while concurrently preserving optimal biocompatibility and corrosion 
resistance [7,8]. Nevertheless, although Ti6Al4V is among the materials 
closest to the elastic modulus of bone, a significant difference remains, 
which can lead to stress shielding [9] and subsequent osteolysis. Despite 
the mentioned advantages, however, numerous studies have emphasised 
that Ti6Al4V suffers from unsatisfactory tribological performance, 
which limits its long-term reliability in mechanical and biomedical ap
plications. In the field of joint replacement research, Ti6Al4V has been 
demonstrated to result in increased counterface wear and polyethylene 
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damage in comparison to CoCr30Mo6 or ceramics, thereby underlining 
its inherent tribological disadvantage [10,11].

To overcome these challenges and find applications for frictional 
surfaces of joint implants, researchers have increasingly turned to ad
ditive manufacturing (AM) in recent years. This approach has opened up 
new possibilities in the design and production of products across all 
areas of manufacturing. A comparable tendency has been identified in 
the domain of orthopaedic implants [12], particularly concerning the 
utilisation of titanium alloys, including Ti6Al4V. One of the advantages 
of using AM, especially techniques such as Selective Laser Melting (SLM) 
or Electron Beam Melting (EBM), is the capability to produce both 
macrostructure and microstructure. SLM-produced titanium alloys 
exhibit superior mechanical strength and enhanced wear resistance 
compared to conventionally manufactured titanium alloys, primarily 
due to their fine-grained microstructures formed by rapid solidification 
[13]. In addition to improved strength, these additively manufactured 
Ti6Al4V parts can achieve excellent ductility and fatigue performance 
when appropriate heat treatments, densification strategies, and surface 
finishing procedures are applied [14]. The porosity, lattice structure, 
surface roughness, and post-processing treatments can be adjusted to 
optimise mechanical properties and biological response, such as 
osseointegration and bone ingrowth [15,16]. As demonstrated in the 
study by Ren et al. [17], the incorporation of micro- and nano-structured 
surfaces within the 3D printing process of Ti6Al4V has been shown to 
enhance osteogenic behaviour. This improvement is attributed to the 
following mechanisms: enhanced protein adsorption, promotion of 
mesenchymal stem cell differentiation into osteoblasts, increased con
tact area with bone, reduced implant micromotion, and the potential 
enhancement of implant integration at the bone interface. These find
ings underscore the significance of surface morphology and controlled 
porosity in facilitating the biological fixation of implants. Moreover, 
SLM enables the fabrication of highly complex and patient-specific 
implant [18] geometries that cannot be produced using traditional 
manufacturing techniques, making this technology highly attractive for 
next-generation biomedical implants. In addition, if it turns out that the 
3D printed Ti6Al4V alloy can also be used for friction surfaces, it could 
simplify implant design, reduce the number of individual parts, and 
concurrently reduce the number of material interfaces.

Several studies consistently demonstrate that additively manufac
tured Ti6Al4V exhibits superior tribological performance compared to 
conventionally produced materials. Bartolomeu et al. [19] and Goyal 
et al. [20] reported improvements in the wear resistance of additively 
manufactured Ti6Al4V compared to conventionally manufactured, 
which they attributed to the presence of harder microstructural con
stituents. Jeyaprakash et al. [21] observed similar trends, showing that 
the wear rate was reduced by 62.1 % when using the SLM-fabricated 
alloy, accompanied by a 62.7 % decrease in the coefficient of friction 
and an increase in hardness. Tribocorrosion studies further underscore 
the robustness of Ti6Al4V, with Patel et al. [22] demonstrating that, 
under combined mechanical and corrosive loading, Ti6Al4V maintained 
its integrity better than CoCr30Mo6, indicating more reliable behaviour 
for load-bearing implants. Beyond bulk material properties, structured 
surfaces produced by 3D printing can also enhance lubrication perfor
mance, as shown by Odehnal et al. [23], who reported that such surfaces 
improved synovial fluid film stability. Despite these advantages, addi
tive manufacturing also presents challenges. As-built parts frequently 
demonstrate elevated surface roughness, residual porosity, unmelted 
particles, or microcracks. These factors have the capacity to exert a 
detrimental effect on fatigue strength, corrosion resistance, and wear 
behaviour [16]. The superior wear performance of AM alloys is closely 
linked to their unique microstructures. While conventionally manufac
tured Ti6Al4V solidifies into α+ β lamellae, laser powder bed fusion 
(LPBF) processing produces a much finer α′ martensite due to rapid 
cooling [24]. Bartolomeu et al. [19] quantified these differences, 
showing an α/β ratio of 25/75 in cast alloys versus 75/25 in SLM sam
ples. Process optimisation can further enhance properties, as shown by 

Shi et al. [25], who reported that a laser line energy density of 
0.24 J/mm maximised microhardness and produced excellent wear 
resistance with a friction coefficient of 0.15. Additional tribocorrosion 
and tribological studies confirmed that LPBF alloys outperformed con
ventional materials, exhibiting 30–40 % lower wear volumes [26], up to 
14 % lower wear under identical test conditions [27], and better wear 
resistance and frictional stability even in dry sliding [28]. The role of 
processing parameters has also been highlighted. Predictive models for 
SLM Ti6Al4V showed that density, hardness, and shear strength are 
sensitive to energy input and scan strategy, indicating that tribological 
properties are tunable via process optimisation [29]. Reviews of LPBF 
Ti6Al4V summarised that higher laser power, rescanning strategies, and 
optimised hatch spacing reduce porosity, stabilise α′ morphology, and 
improve wear consistency [30,31].

Several surface engineering approaches have been proposed to 
mitigate the identified weaknesses and enhance the tribological per
formance of Ti6Al4V. Thermal oxidation treatments produce hardened 
subsurface layers with a surface hardness of approximately 970 HK, 
reducing wear by a factor of 4–6 compared to ureated alloys [32]. In-situ 
laser polishing reduces surface roughness by more than 80 %, decreases 
porosity in the remelted layer, and improves both wear and corrosion 
resistance due to defect reduction and grain refinement [33]. Explora
tion has extended to composite and coated variants, including Ti6Al4V 
reinforced with ZrO₂, which has been shown to exhibit superior wear 
resistance compared to unmodified alloys [34]. One of the most com
mon approaches adopted is the utilisation of surface texturing, with the 
textures functioning as reservoirs for lubricant, storing released wear 
particles, acting as micro-hydrodynamic bearings, and reducing nominal 
contact area [35]. In the study by Shen et al. [36], the authors focused on 
the influence of surface roughness and surface texturing, demonstrating 
that the optimal combination of these two parameters may be crucial for 
improving tribological performance. Besides, they verified that in the 
CoCr30Mo6/UHMWPE contact pair, the textures reduced the frictional 
force. Another important conclusion for the CoCr30Mo6/UHMWPE 
contact pair was presented by Shen et al. [37], who verified that in this 
particular material combination, the textures can capture released wear 
particles, thereby removing them from the contact area for subsequent 
sliding.

The lubricating environment further influences the tribological 
response of Ti6Al4V. The process of joint lubrication is a complex one, 
governed by various mechanisms that depend on the load and the mo
tion regime. In the context of rapid articulation, the presence of synovial 
fluid (SF) facilitates hydrodynamic (HD) or elastohydrodynamic lubri
cation (EHL). Conversely, under high loads or in slow motion, the pre
dominant form of lubrication is boundary lubrication, achieved through 
adsorbed molecular films [38]. Based on the lubrication behaviour, 
Myant et al. [31] proposed protein aggregation lubrication (PAL). They 
described the main differences between the EHL and the real behaviour 
of fluids containing proteins, which creates the protein-rich, high-
viscosity phase of aggregated molecules at the inlet of the contact area. 
The major constituents of SF (hyaluronan, lubricin, phospholipids, and 
proteins such as albumin or γ-globulin) play complementary roles in this 
process. Research consistently shows that dry conditions lead to severe 
wear. In contrast, the presence of simulated synovial fluid (SSF) or 
bovine serum significantly reduces debris formation, as protein 
adsorption films stabilise the contact [39,40]. A study by Goyal et al. 
[20] found that both cast and AM Ti6Al4V followed the same wear 
severity ranking when compared with physiologic saline (PSS), simu
lated body fluid (SBF), and phosphate-buffered saline (PBS). The 
ranking was as follows: PBS > SBF > PSS. As demonstrated by Nečas 
et al. [41], the significance of the individual constituents of SF and their 
role in lubrication formation is paramount. In the following study by 
Nečas et al. [42], the direct behaviour was incorporated into individual 
constituents. In this regard, it was observed that the γ-globulin and 
hyaluronic acid (HA) form a thin yet highly stable and uniform 
boundary layer. In contrast, the subsequent film thickness is exclusively 
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attributable to albumin, due to its alternating layers.
This study builds upon our previous research [23], which investi

gated lubrication formation in short-term experiments of additively 
manufactured Ti6Al4V samples. While short-term behaviour is rela
tively well documented, the long-term tribological performance of AM 
Ti6Al4V, especially when combined with targeted surface structures, 
remains largely unexplored. In particular, no study has yet clarified how 
such AM-generated structures influence the evolution of synovial fluid 
constituents, frictional behaviour, and wear mechanisms over extended 
periods when compared with clinically established CoCr30Mo6 alloys. 
This knowledge gap is critical for assessing the realistic potential of AM 
Ti6Al4V for future implant applications. To address this gap, the present 
work aims to answer the following research question: “How does 3D 
printed Ti6Al4V with a targeted grid-type surface structure perform under 
long-term wear conditions in comparison with conventional CoCr30Mo6?” 
The investigation employs long-term wear experiments conducted using 
a newly developed wear simulator, supplemented by extended 
fluorescence-based experiments to characterise the advanced stages of 
lubricating film behaviour. The study evaluates wear, friction, and 
lubricant behaviour in the contact zone and is further supported by 
detailed material and chemical analysis of the samples.

2. Materials and methods

The primary objective of this study was to investigate the long-term 
behaviour of friction pairs by specifically comparing an additively 
manufactured Ti6Al4V alloy, which has a surface structure formed 

directly during the 3D printing process, to a conventional CoCr30Mo6 
alloy. For this purpose, a new long-term wear simulator was developed 
(see Figs. 1A and 1B).

The simulator consists of two test stations that operate in tandem, 
facilitating a direct comparison of the tests and enabling the identifi
cation of potential discrepancies. The simulator is powered by a servo 
motor coupled with a gearbox, ensuring the output speed required for 
the desired test parameters. Through the design of the mechanical sys
tem, the rotational motion of the drive is transformed into linear 
reciprocating motion with a sinusoidal velocity profile, replicating 
realistic joint movement conditions. The guide rods control the move
ment of the counterpart (UHMWPE plate) relative to the alloy specimen 
under investigation. The dead weight of the load bar is compensated by 
a spring, while additional loading is applied using calibrated weights. A 
force sensor mounted on the load bar provides real-time feedback on the 
applied load. Each test station is equipped with a peristaltic pump sys
tem to ensure proper chamber filling before the experiment, continuous 
lubricant replenishment during the test, and removal of lubricant con
taining wear particles at the end of the experiment for further analysis. 
The other device used in this study was a tribometer with a pin-on-plate 
configuration (see Fig. 1C) and an attached fluorescence microscopy 
setup (see Fig. 1D), which has been previously introduced [23,43,44].

2.1. Contact pair and lubricant

The experiments were designed to replicate real in vivo conditions as 
closely as possible in a laboratory setting. Four distinct material 

Fig. 1. a) Long-term wear simulator, b) Detail of long-term wear simulator testing station, c) Tribometer with Pin-on-plate configuration [23], d) Scheme of 
fluorescent microscopy setup [23].
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combinations were subjected to testing: Ti6Al4V/UHMWPE and 
CoCr30Mo6/UHMWPE were utilised for the long-term wear experi
ments, while Ti6Al4V/PMMA and CoCr30Mo6/PMMA were employed 
for investigating the lubrication film behaviour within the contact area 
using fluorescence microscopy. For these observations, it was necessary 
for one of the contacting components to be transparent; therefore, pol
ymethyl methacrylate (PMMA) was chosen over UHMWPE. The Ti6Al4V 
specimens were manufactured using the Laser Powder Bed Fusion pro
cess from ASTM F3001-compliant Ti6Al4V ELI powder (Carpenter Ad
ditive), as previously described in our study [23]. Fabrication was 
performed with an SLM 280HL 3D printer (Nikon SLM Solutions AG). 
Based on the findings of our previous study [23], we decided to include 
only the grid structure in these experiments, as it had the best outcomes 
from the short-term experiments. To generate the intended surface and 
subsurface structures, a meander printing strategy was employed, 
characterised by a 90◦ rotation between successive layers. The pro
cessing parameters were set to a layer thickness of 30 μm, a hatch dis
tance of 179 μm, a laser power of 100 W, and a scan speed of 450 mm/s. 
The meander printing strategy, using a 179 µm hatch distance, ensures 
the formation of grid-like structures on the final surface. This printing 
strategy was applied only to the top 2 mm of the sample, while the 
remaining volume was homogeneous. The CoCr30Mo6 specimens 
(ASTM F75) were produced by conventional methods (cold drawing), 
cut from bars, and subsequently machined. Before testing, both Ti6Al4V 
and CoCr30Mo6 samples were subjected to a polishing procedure to 
achieve a curvature radius of 100 mm and an average surface roughness 
of approximately 50 nm.

The lubricant employed in the experimental procedure was a syn
thetically prepared model synovial fluid (M-SF), formulated to resemble 
the composition of synovial fluid obtained from patients following total 
arthroplasty [45]. The composition of the solution was as follows: al
bumin (26.3 mg/ml), γ-globulin (8.2 mg/ml), hyaluronic acid 
(0.82 mg/ml), and phospholipids (0.35 mg/ml), all diluted in 
phosphate-buffered saline (PBS). It was observed that bacterial growth 
occurred in the absence of complete sterility within the test chambers. 
This was due to the presence of air and a constant temperature of 37 ◦C. 
The bacterial growth resulted in the degradation of the lubricant, which 
manifested as blackening and the formation of odour. To suppress bac
terial development, a 1 % solution of L-Gluta
mine-Penicillin-Streptomycin was added to the M-SF. For fluorescence 
microscopy observations, the main components of M-SF (albumin, 
γ-globulin, and hyaluronic acid) were fluorescently labelled. The 
following dyes were utilised: rhodamine-B-isothiocyanate (RBITC) for 
albumin, and fluorescein-5-isothiocyanate (FITC) for γ-globulin and 
hyaluronic acid.

2.2. Experimental design

To ensure a comprehensive analysis of the observed samples, three 
primary analyses, each consisting of several steps or evaluations, were 
conducted. 

1. Long-term wear tests 
• Volume loss
• Wear rate
• Surface topography

2. Microstructure and chemistry of pins after wear 
• Scanning electron microscopy (SEM) combined with chemical 

analysis using Energy Dispersive X-Ray Spectroscopy (EDS)
• Nanofabrication of surface thin lamellae by the applied focused ion 

beam technique (FIB)
• Scanning transmission electron microscopy (STEM) of FIBed 

lamellae, accompanied by EDS
3. Mid-term experiments using fluorescence microscopy 

• Contact area coverage by M-SF constituents
• Fluorescence intensity of the contact area

• Coefficient of friction

In the experiments, although they were conducted on different de
vices (long-term and mid-term), we aimed to unify the conditions as 
much as possible. Based on the analysis presented in our previous studies 
[23,44], we maintained identical kinematic and loading conditions, 
which also comply with ASTM F732, the standard for long-term wear 
evaluation of polyethylene used in joint implants. The conditions were 
as follows: a stroke of 20 mm, a relative speed of 40 mm/s, and a load of 
2 N, resulting in a contact pressure of ~3.5 MPa (due to the structured 
surface of Ti6Al4V samples, the final value can vary, and it is not easy to 
calculate the exact value due to the randomness of structures). The 
long-term experiments were performed at three different sliding dis
tances: 100,000, 200,000, and 300,000 cycles. For the mid-term ex
periments using fluorescence microscopy, we selected 1000 cycles, 
which was the limit before critical wear of the PMMA plate occurred, 
making it impossible to evaluate the results further; however, this still 
provided a solid portion of cycles to describe the behaviour of M-SF 
constituents.

2.3. Evaluation of the results

The primary assessment of wear scars and subsequent analysis for 
long-term wear tests were conducted using an optical profilometer, 
Bruker Countour GTX8. The images obtained during the fluorescence 
microscopy assessment were processed with Andor Solis software, 
which also supplied the average intensity of the contact area. Further 
evaluation of the contact area coverage by M-SF constituents was per
formed using MATLAB. The procedure involved drawing a calibration 
image, masking the evaluated contact area, setting a threshold when a 
certain intensity is exceeded, converting the background to black and 
passing areas to white, calculating the white area relative to black, and, 
for structured samples, subtracting the area covered by structures based 
on the calibration image.

A combination of multiple SEM characterisation techniques was 
applied to investigate the sample surface after testing. To analyse the 
surface features and their chemical composition, a Tescan LYRA 3 XMH 
FEG/SEMxFIB equipped with Energy Dispersive X-ray Spectroscopy 
(EDS) detectors from Oxford Instruments was used. The EDS spectrum 
was collected using an accelerating voltage of 20 kV. This microscope 
operated in both standard secondary electron (SE) and backscattered 
electron (BSE) regimes. Dualbeam scanning electron microscope FEI 
Helios nanoLab660 enabled the preparation of thin lamellae for STEM 
observation by means of FIB machining. Site-specific FIB foils were 
extracted from the tip of the pins, oriented perpendicular to the test 
direction. Before the trenching and polishing, the region was covered by 
either the W of the Pt protective layer in two steps. The first protective 
layer was deposited with the assistance of electrons, and the second one 
using an ion beam. The high quality of final FIB foils was reached by 
applying specific polishing conditions. A 30 kV accelerating voltage and 
a gradually decreasing current, from 0.79 nA to 80 pA, were applied to 
achieve the desired thickness of the lamella. Afterwards, the final pol
ishing was performed using 5 kV and 2 kV to reduce the layer thickness 
to the desired final value and to minimise the damage caused by Ga-ions. 
The JEOL JEM-2100F transmission electron microscope, operated at 
200 kV and equipped with Gatan image-acquisition systems and an 
Oxford Instruments EDS detector, was used throughout the study. The 
TEM micrographs were predominantly acquired in the scanning trans
mission electron microscopy (STEM) mode with a camera length of 
800 mm. Bright Field (BF) and High Angular Annual Dark Field 
(HAADF) detectors were employed to collect the transmitted and dif
fracted electron intensities, respectively.

3. Results

The results presented herein include both long-term wear tests and 
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mid-term experiments performed using fluorescence microscopy. The 
long-term wear behaviour of the two alloys under investigation (3D 
printed Ti6Al4V with surface structure and conventional CoCr30Mo6) 
against UHMWPE plates was evaluated through two parallel measure
ments, carried out simultaneously on the independent test stations of the 
wear simulator. In the results graphs, these two results are represented 
as an average, with error bars showing the standard deviation. To ensure 
adequate repeatability, the fluorescence microscopy experiments were 
conducted three times for each configuration. In the corresponding 
images and graphs, different colours were assigned to the constituents of 
the M-SF: red for albumin, green for γ-globulin, and blue for hyaluronic 
acid.

3.1. Long-term wear tests

The long-term wear tests were conducted at three distinct sliding 
distances: 100,000, 200,000, and 300,000 cycles, corresponding to 4, 8, 
and 12 kilometres, respectively. The resulting volume loss of the 
UHMWPE plates from two experiments is presented in Fig. 2 as an 
average supplemented by standard deviation. The overall volume loss of 
UHMWPE was lower when paired with Ti6Al4V compared to 
CoCr30Mo6. Based on the values of wear rate (see values within indi
vidual bars in Fig. 2), it is clearly visible that while paired with Ti6Al4V 
alloy, the development of wear remains nearly constant across different 
sliding distances, while for CoCr30Mo6 alloy, we observed an initial 
high wear, which was followed by a gradual decrease for longer sliding 
distances.

It can be observed that the wear differs between the two observed 
configurations. For Ti6Al4V, the wear track showed generally milder 
overall wear, but deeper, localised grooves were present. These grooves 
roughly correspond to the spacing of the surface structures present on 
the surface of the pins. In contrast, the CoCr30Mo6 exhibited a more 
uniform wear track, which was wider and, depending on the degree of 
pin wear (see Fig. 3), featured either larger or smaller protrusions along 
its path. In the case of the cobalt alloy, all tests consistently revealed 
visibly deeper and larger wear areas on the pins. In contrast, the tita
nium pins exhibited only shallow grooves, and these were limited to 
localised regions. For both materials, however, it is evident that even the 
considerably harder counterpart undergoes wear, indicating the pres
ence of three-body abrasion. Moreover, profilometry revealed distinct 

spots on the UHMWPE plate with markedly higher intensity after the 
tests. We therefore hypothesise that once a particle is released from the 
pin, it tends to adhere to the UHMWPE surface, which subsequently 
promotes further scratching of the pins.

3.2. Microstructure and chemistry of pins after wear

The top of the Ti6Al4V pin subjected to 300,000 wear cycles was 
investigated by SEM operating in the secondary electron (SE) regime, 
and the resulting structure is documented in Fig. 4. The overview 
micrograph in Fig. 4a reveals a quasiregular structure of the pores that 
originate from the 3D printing process described in the section Contact 
pair and lubricant.

The pores often contain UHMWPE debris, the chemical composition 
of which was characterised by point EDS analysis. We note that a pin 
region studied by the EDS technique is delimited by a rectangle in 
Fig. 4a. Individual EDS positions are highlighted in the micrograph in 
Fig. 4b. Here, the analyses in positions 1–3 probe the chemical compo
sition of the matrix alloy. In contrast, the chemistry in positions 4 and 5 
suggests the presence of the UHMWPE debris. These chemical data are 
summarised in Table 1.

Similarly, the structure generated by 300,000 wear cycles at the top 
of the CoCr30Mo6 pin is shown in the SEM SE micrograph presented in 
Fig. 4c. In contrast to the relatively flat Ti6Al4V surface with shallow 
scratches (Fig. 4a), more pronounced scratches are observed on the 
CoCr30Mo6 pin; their detailed configuration is documented in Fig. 4d.

STEM experiments were conducted to characterise the microstruc
ture at and immediately beneath the wear surface of Ti6Al4V and 
CoCr30Mo6 pins. Thin FIB lamellae cut normal to the central top re
gions, and perpendicular to the wear marks, were investigated after 
300,000 wear cycles. Results obtained for the Ti6Al4V pin are presented 
in Fig. 5. The overview micrograph in Fig. 5a covers almost the whole 
region of the lamella where the original pin surface, subjected to wear, 
delimits the lamella on the right side. Deeper under the surface, the alloy 
microstructure exhibits a martensitic morphology [46], which is often 
attributed to the rapid heating and subsequent cooling from β-transus 
during the 3D printing process [47]. Points A and B shown in Fig. 5a 
mark sample locations that were investigated in detail in Fig. 5b (points 
A and B) and Fig. 5c (point B). A closer look at the subsurface micro
structure reveals a layer of nanograins separating the surface from the 

Fig. 2. Comparison of UHMWPE volume loss against 3D printed Ti6Al4V with surface structures and CoCr30Mo6 in long-term wear tests based on the number of 
cycles, supplemented by an actual wear rate.
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martensite. The unsharp border between the layer and martensite is 
tentatively marked by a red dashed line in the HAADF micrograph in 
Fig. 5b. An average width of the nanograin layer can be estimated as 
200 nm. A more detailed view of the surface region is presented in the 

BF STEM image in Fig. 5c. The original surface, located on the right, is 
protected by a tungsten layer deposited before the FIB cutting. Under the 
protective layer, an oxide scale (bright STEM contrast with a thickness of 
approximately 35 nm) is directly connected to the Ti6Al4V nanograins 

Fig. 3. Comparison of UHMWPE topography after 300,000 cycles experiment against: a) 3D printed Ti6Al4V with surface structures; b) CoCr30Mo6, and comparison 
of c) Ti6Al4V and d) CoCr30Mo6 pins wear.

Fig. 4. (a) Quasiregular distribution of pores on the Ti6Al4V surface after wear (the yellow rectangle highlights the area of point EDS analyses); (b) Positions of 
individual points EDS experiments; (c) Deep scratches on the surface of the CoCr30Mo6 pin after wear; (d) Detailed morphology of the scratches.

Table 1 
Local chemical composition acquired at the Ti6Al4V pin surface after wear.

EDS no. C O Na Mg Al Si P S Cl Ca Ti V Zn

1 13.8 23.5 – – 5.6 0.3 – – – – 54.5 2.3 –
2 14.1 13.4 – – 6.4 – – – – – 63.5 2.6 –
3 19.4 16.9 3.6 – 5.3 0.2 0.1 – 0.8 – 51.8 2.1 –
4 87.6 11.7 0.2 – 0.1 – – 0.2 0.1 0.0 0.2 – –
5 67.5 20.8 1.3 0.1 1.0 0.1 – 0.1 – 0.4 6.5 0.3 1.9
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on the left. Insets in Fig. 5c present the results of convergent beam 
electron diffraction (CBED) experiments performed in the position of the 
nanograin region (CBED position 1) and in the oxide layer (CBED po
sition 2). The CBED patterns clearly show that, in contrast to the crys
talline Ti6Al4V alloy, the surface oxide scale is amorphous. The EDS 
linescan experiment, whose results are summarised in Fig. 5d, reveals 
the chemical compositions of the oxide and subsurface regions. The 
elemental EDS profiles acquired along the line extending from the 
nanograin region and crossing the oxide layer confirmed the nominal 
composition of the alloy and suggest that the TiO2 phase predominantly 
forms the oxide layer.

In a close analogy to the results presented in Fig. 5 for the Ti6Al4V, 
Fig. 6 shows similar data obtained for the pin made of the CoCr30Mo6 
alloy. The general state of the microstructure is presented in Fig. 6a, 
where a dark region on the right corresponds to the protective tungsten 
layer deposited on a thin surface oxide that forms on the heavily 

deformed CoCr30Mo6 grains. Points A and B shown in Fig. 6a mark 
sample locations that were investigated in detail in Fig. 6b (point A) and 
Fig. 6c (point B). The high-magnification micrograph in Fig. 6b helps 
characterise the varying thickness of the surface oxide scale, the average 
depth of which is estimated to be 150 nm. Moreover, the CBED experi
ments summarised in Fig. 6c again confirmed that the oxide scale is 
amorphous. Finally, the linescan EDS analysis yielded results shown in 
Fig. 6d. The elemental scans cross the oxide layer indicate that the oxide 
composition is not far from a complex phase Fe3P2O8. Further work is 
required to characterise the internal structure of the oxide scale and its 
detailed chemical composition.

3.3. The evolution of M-SF constituents during the mid-term experiments

During the course of the experiments, the three constituent elements 
of M-SF were monitored and evaluated. Two complementary 

Fig. 5. STEM and EDS characterisation of the Ti6Al4V lamella cut normal to the pin surface and perpendicular to the wear direction: (a) Microstructural overview; 
(b) Layer of nanograins next to the pin surface; (c) CBED patterns taken from the crystalline alloy and the amorphous oxide scale; (d) EDS linescan across the 
oxide scale.
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approaches were applied: (i) quantifying the presence of constituents 
within the contact area (contact area coverage), and (ii) analysing the 
standardised fluorescence intensity in the contact area. To ensure suf
ficient repeatability, each material configuration with a different 
labelled M-SF constituent was repeated three times. The results clearly 
show that each constituent exhibits a distinct temporal evolution as well 
as different behaviour depending on the alloy.

To evaluate textured samples in terms of their contact area coverage, 
an approach was adopted in which the total coverage was initially 
calculated, and the area corresponding to the textures, as determined 
from a calibration image, was subsequently subtracted. Although this 
procedure introduces a certain degree of uncertainty, we consider it 
more appropriate than including the textures in the analysis. Without 
this correction, the alloys would not be comparable, as the textures tend 
to accumulate large amounts of M-SF constituents and exhibit substan
tially higher fluorescence intensity than the surrounding regions. Due to 
the duration of the experiments and the large amount of data to be 
collected, we used fluorescence microscopy to observe 10 cycles at a 
time, every 100 cycles. This is represented in the graph, which shows the 
average fluorescence intensity of those 10 cycles. It is evident that, in the 
case of the cobalt alloy, a substantial proportion of the synovial fluid 

components was rapidly flushed out. In contrast, the titanium alloy 
demonstrated a relatively stable region of approximately 400–500 cy
cles in all experiments, after which a decrease was observed (see Fig. 7). 

Fig. 6. STEM and EDS characterisation of the CoCr30Mo6 lamella cut normal to the pin surface and perpendicular to the wear direction: (a) Microstructural 
overview; (b) Thickness of the oxide scale; (c) CBED patterns taken from the crystalline alloy and the amorphous oxide scale; (d) EDS linescan across the oxide scale.

Fig. 7. Comparison of Ti6Al4V and CoCr30Mo6 alloy based on normalised 
fluorescence intensity.
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This finding indicates that the structured titanium surface exhibits a 
greater capacity to retain fluid components within the contact area over 
time.

A detailed breakdown of the behaviour of individual synovial com
ponents is shown in Fig. 8. We focused on analysing two reversal points 

and the central part of the stroke. The graphs illustrate the percentage of 
contact area covered by each component, and we observed a consistent 
trend: at the stroke reversals, a high accumulation of components was 
present; nevertheless, after an initial increase, the amount started to 
decrease until a breakdown occurred. This pattern was also similar for 

Fig. 8. Contact area coverage evolution of albumin (top), γ-globulin (middle), and HA (bottom) during the experiment for both tested alloys (each point in the graph 
represents a mean value from three measurements).
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globulin and hyaluronic acid. The main difference was in the overall 
decrease in coverage of the contact area, which corresponds well with 
the respective concentrations of each component in our model synovial 
fluid.

Based on the observations using fluorescent microscopy, it is evident 
that the structures affect the behaviour of M-SF constituents. Upon 
examining the evolution of the Ti6Al4V alloy, it is evident that an 
inevitable increase in intensity was observed during the first few cycles. 
However, between 400 and 500 cycles, the intensity dropped below its 
starting value. The behaviour depicted in Figs. 7–10 has a clear expla
nation. By observing the entire fluorescence microscopy videos from the 
experiments, it is clearly visible that the created structures can collect 
the constituents of M-SF. This behaviour was observed for all the 
examined constituents (albumin, γ-globulin, and HA). Three funda
mental phases were identified during the observation, which may vary 
or be complemented by additional ones. The detailed description of 
these phases is as follows, supplemented with fluorescence microscopy 
images captured in Fig. 9: 

1. The first phase, which usually occurs at the beginning of the exper
iment, can be described as follows: the constituents tend to accu
mulate in the vicinity of the structures located within the contact 
area, gradually forming an increasingly larger agglomeration at the 
lateral edges in the direction of movement. After a specific period, 
once saturation is reached and a large amount of proteins accumu
lates around the structures, the entire cluster detaches and begins to 
move freely across the contact area.

2. The second phase typically appears at later stages of the experiment, 
when structures located near the edge of the contact area act as 
obstacles to the flow of proteins from the contact zone. The proteins 
gradually flow around these structures, eventually forming a droplet- 
shaped pattern around each of them.

3. In the final phase, these phenomena gradually disappear, and only 
the random release of constituent clusters from the structures occurs.

The course and alternation of the phases were not the same for all the 
observed constituents. For albumin, the first stage remained stable until 
cycle 300, at which point both phases appeared simultaneously; 

however, the first one gradually disappeared. Between cycles 500 and 
800, only the second phase was observable, and from cycle 900, the 
third phase occurred. For HA, only the first and third phases occurred, 
while the first phase was present throughout the entire course of the 
experiment, except for cycles 500–800, which corresponded to the 
decrease in intensity after 400 cycles. Nevertheless, the return at around 
800 cycles did not affect the intensity. The γ-globulin behaved similarly 
to HA, except that the first phase did not come back at the end of the 
experiment, while the first phase again disappeared after 400 cycles.

As part of these experiments, the progression and development of the 
coefficient of friction in specific configurations were also measured. The 
representation of these results is shown in Fig. 10. We can observe that 
repeatability was achieved to some extent, along with different behav
ioural trends. In the experiments using the Ti6Al4V alloy, a gradual 
increase in the coefficient of friction was observed during the initial 
~400 cycles, after which it stabilised and maintained this value for the 
remainder of the experiment. However, when examining the develop
ment of the CoCr30Mo6 alloy, we can observe that the coefficient of 
friction increases continuously throughout almost the entire 
experiment.

4. Discussion

The present study describes the differences in long-term wear per
formance between 3D printed Ti6Al4V alloy with a surface structure 
created directly during the 3D printing process and conventionally 
manufactured samples from CoCr30Mo6. Additionally, the acquisition 
of supplementary data was achieved by implementing fluorescence 
microscopy, which facilitated the observation of the initial 1000 cycles. 
To gain further insight into the behaviour exhibited by each alloy, they 
underwent microstructure and chemical analysis after the experiments. 
The ensuing results then summarise information regarding: volume loss 
and wear rate of UHMWPE, scratches formed on pins, microstructure 
and chemical analysis, behaviour and development of the M-SF con
stituents during the course of the experiment, and coefficient of friction.

The primary consideration in the context of joint implant failure is 
the minimisation of wear on the frictional surfaces of the implant 
components. For this purpose, a new long-term wear simulator was 

Fig. 9. The influence of surface structures on M-SF constituents during the experiments.
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constructed. This simulator is suitable for the purposes outlined above, 
as it is capable of applying loading and kinematic conditions relevant to 
several joint implants in a simplified configuration. Furthermore, it 
meets the conditions defined by the appropriate standards. The findings 
of the long-term wear experiments demonstrated that the 3D printed 
Ti6Al4V alloy with a controlled surface structure exhibited superior 
performance in comparison to the conventionally prepared CoCr30Mo6 
alloy in two distinct aspects: firstly, the overall volume loss of UHMWPE 
was reduced, and secondly, the wear of the tested pins was minimised. 
This finding aligns with the conclusions drawn from the existing liter
ature on the subject [19–21], which suggests that the AM Ti6Al4V 
achieves a lower rate of wear due to its specific design parameters. In 
addition, the Ti6Al4V alloy demonstrated a relatively consistent wear 
rate in comparison to CoCr30Mo6 (see Fig. 2). For the CoCr30Mo6 alloy, 
significant and rapid wear was observed during the initial 100,000 cy
cles, after which a tendency towards stability was evident. This behav
iour of Ti6Al4V may be associated with the oxidic layer that has been 
observed to form naturally at the surface of the alloy. The oxidic layer 
exhibits a higher hardness than the substrate, consequently requiring 
more time to remove. As demonstrated in Figs. 3c and 3d, the images of 
the tested pins following experiments with 300,000 cycles illustrate 
substantial surface damage on the CoCr30Mo6 specimen. In contrast, 
only a few separated surface grooves were observed on the Ti6Al4V 
specimen.

Based on the microstructural observations of the Ti6Al4V alloy just 
beneath the surface, it is evident that a layer with nanograins formed in 
the near-surface region of the sample (see Fig. 5). This phenomenon, 
referred to as the Tribologically Transformed Structure (TTS), is typical 
for Ti6Al4V alloys subjected to fretting wear [48]. However, the samples 
were polished against a counterbody to ensure the formation of a dome 
with a predefined curvature radius. Therefore, the layer of nanograins 
could have formed already during the sample preparation process. To 
clarify this possibility, additional STEM and EDS characterisation of 
Ti6Al4V lamellae was conducted outside the contact area. The result of 
this experiment is presented in Fig. 11, where the STEM BF micrograph 
clearly documents the presence of the nanograin layer sandwiched be
tween the surface oxide and the Ti6Al4V martensite. The dashed line 
marks a nanograin-martensite border.

The results showed that a nanograin structure was also formed 
outside the contact area, indicating that the polishing procedure affected 
its formation. Therefore, it is not possible to quantify the exact depth of 
the nanograin structure created directly during the sliding tests. From 
the STEM analysis (see Fig. 5c), it is evident that an oxide layer forms on 
the surface of the Ti6Al4V alloy, resulting in a layer approximately 
35 nm thick for the specimen after 300,000 experiments. Under sliding 
contact, Ti6Al4V surfaces tend to form a dynamic oxide layer, which 
undergoes cyclic wear and reformation—a process referred to as tribo- 
oxidation. Li et al. [49] observed that varying the sliding velocity al
ters the dominant tribo-oxide phases and wear mechanisms in Ti6Al4V, 
highlighting a transition between oxidative wear and delamination 
depending on speed. Moreover, the passive films can self-heal when 

damaged. The results in Fig. 5 suggest that a relatively stable and thick 
oxide layer was formed, which may have contributed to the more stable 
wear behaviour of the Ti6Al4V alloy (see the wear rate development in 
Fig. 2) compared to the CoCr30Mo6 alloy and its rapid increase of wear 
at the beginning of the experiment.

Observations made using fluorescent microscopy reveal that surface 
structures play a significant role in the formation and development of 
the lubrication film. As our primary interest lay in describing the direct 
effect of the structures present in the contact area, we did not focus on 
the phenomenon, which had already been described by Myant et al. [50]
at the inlet zone to the contact area. Drawing from the observations 
made, it can be concluded that the structures on the Ti6Al4V surface 
influenced the stability of the lubrication film. A higher quantity of M-SF 
constituents was noted in the contact area throughout the entire 
1000-cycle experiment, compared to conventionally manufactured 
CoCr30Mo6. In the case of fluorescent microscopy, it was not possible to 
obtain longer experiments due to the degradation (wear) of the PMMA 
plate. This finding is in agreement with that of Rebenda et al. [48], who 
demonstrated that protein adsorption was more effective for additively 
manufactured Ti6Al4V compared to CoCr30Mo6 or FeNiCr. It was 
determined that more cycles would result in unevaluable images. 
Furthermore, it was observed that, at specific points during the experi
ment, the structures were capable of releasing M-SF constituents that 
had accumulated within them (see Fig. 9). This process served to 

Fig. 10. The evolution of CoF for three measurements: Ti6Al4V/PMMA (left), and CoCr30Mo6/PMMA (right).

Fig. 11. STEM BF micrograph showing microstructure beneath the surface of 
the FIB lamella taken from the Ti6Al4V pin location outside the contact area. 
The dashed line marks a border between the nanograin layer and the 
Ti6Al4V martensite.
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enhance film stability by effectively functioning as a lubricant reservoir 
[35]. It is noteworthy that this behaviour was not observed throughout 
the entire duration of the experiment; instead, it terminated at approx
imately 400–500 cycles. It is hypothesised that this is primarily attrib
utable to the aggregate quantity of M-SF constituents present within the 
contact area or its immediate vicinity. As demonstrated in Fig. 8, the 
number of M-SF constituents is observed to be at its maximum at the 
dead ends of the cycle. It is evident that during the movement, M-SF 
constituents are observed to be dragged into the contact area at the dead 
ends. A number of these constituents are found to accumulate within the 
structures. After a period of time, when the structures reach capacity, 
drop-shaped formations appear at the outlet zone of each structure. 
These formations subsequently undergo a release into the contact area 
once internal forces are dissipated. The same behaviour was observed 
for all three observed M-SF constituents (see Fig. 9). This observation 
therefore shows that the effect of structures is limited by the amount of 
available synovial fluid components, and for their continued operability, 
it would be necessary to arrange for the delivery of new components into 
the contact area. Furthermore, an additional phase of behaviour was 
observed in the protein albumin (a phenomenon not observed in other 
M-SF constituents). Following the initial phase, a second phase was 
identified, during which structures near the edge of the contact area 
acted as points of alteration for the local contact pressure. The protein 
albumin exhibited flow behaviour, circumnavigating these structures 
and subsequently exiting the contact area.

Based on the previously discussed stable oxide layer formed on 
Ti6Al4V and the minimal wear observed on these pins after the exper
iments, we can also address the stable evolution of the coefficient of 
friction (see Fig. 10). It can be observed that, for the Ti6Al4V alloy, the 
coefficient of friction stabilised shortly after the beginning of the 
experiment, whereas for CoCr30Mo6, a continuous gradual increase in 
CoF was recorded, indicating greater stability of the Ti6Al4V alloy 
throughout the experiment. These findings suggest that the surface 
structures of additively manufactured Ti6Al4V positively affect the co
efficient of friction. As Rebenda et al. [48] reported, CoCr30Mo6 out
performed the 3D printed Ti6Al4V without structures in a test against 
the PMMA cup of a hip implant.

4.1. Limitations of the study

In this research, a simplified configuration of pin-on-plate was used 
instead of the most typical configuration for joint implants – ball-in- 
socket – due to its simplicity. The contact pressure and contact area 
will deviate from the expected values due to the transition from 
conformal to nonconformal contact. Nevertheless, this simplification 
was necessary to precisely observe and describe emerging phenomena 
and behaviour in the contact area. However, this transition to a 
simplified configuration is justified by the fact that this research is part 
of the fundamental research project, the aim of which is to identify new 
possibilities in the materials for joint implants. Following the pre
liminary verification of functionality, the next stage will be the initiation 
of real configurations.

A particular limitation arises from substituting the counterpart ma
terial from UHMWPE to PMMA for the purpose of conducting experi
ments using fluorescence microscopy. Nevertheless, this substitution 
was imperative to facilitate the utilisation of this optical observation 
method, as one of the components must be transparent. For these ex
periments, the loading conditions were maintained at the same value, 
resulting in a variation in contact pressure. The contact pressure was 
recalculated for both the CoCr30Mo6 and Ti6Al4V. This resulted in a 
change from 3.3 MPa to 7.2 MPa. It should be noted that the contact 
pressure was calculated for a plane material without structures, due to 
the randomness caused by the manufacturing method. In reality, the 
contact area and contact pressure would differ slightly for the Ti6Al4V 
alloy. Notwithstanding, both of these contact pressure values remain 
within the pertinent range for the application of joint implants. A further 

discrepancy arises from the alteration of the contact pair in the context 
of average surface roughness, which exhibits a marked increase in the 
case of UHMWPE compared to PMMA.

A further limitation of the present study is the absence of fatigue 
testing. Although the tribological behaviour and lubrication mecha
nisms were thoroughly examined, the long-term structural integrity of 
additively manufactured Ti6Al4V under cyclic loading was not assessed. 
Fatigue performance is a critical requirement for joint implant appli
cations, as repeated loading may initiate or propagate subsurface defects 
associated with the AM process or the as-built surface features. There
fore, while the results presented here provide valuable insight into the 
wear behaviour and lubrication support mechanisms, a comprehensive 
fatigue evaluation will be necessary to fully validate the suitability of 
this material and surface condition for long-term orthopaedic use.

5. Conclusions

The main conclusions are summarised in the following bullet-point 
list: 

• In the long-term wear experiments, the UHMWPE plates showed 
slightly lower total volumetric loss when paired with Ti6Al4V 
compared to the conventionally manufactured CoCr30Mo6.

• Ti6Al4V pins showed significantly less wear than the CoCr30Mo6 
ones, thereby reducing the potential release of harmful particles into 
the body.

• Surface structures formed directly during the 3D printing process on 
Ti6Al4V surfaces served as effective lubricant reservoirs, thereby 
improving film stability and providing a longer-lasting supply of M- 
SF constituents to the contact area.

These findings demonstrate the potential of 3D printed Ti6Al4V alloy 
with a controlled surface structure for advanced joint replacement 
components, where the surface functionality can be tailored to optimise 
lubricant retention in the contact area and improve wear performance. 
Based on the findings in this article, the authors suggest further inves
tigating the potential of this approach, with a focus on enhancing the 
reinforcement of 3D printed structures, as the results demonstrated that 
achieving optimal feature dimensions is currently limited by the capa
bilities of the selected AM process and printer. These limitations led to 
irregularities in both the size and depth of the generated structures. 
Furthermore, future work should also explore suitable surface coatings 
to minimise the likelihood of wear-particle release from regions where 
the laser did not etch the surface as precisely as intended.
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